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FOREWORD 

This report was prepared by Grumman Aerospace Corporation for 
the Manned Spacecraft Center of the National Aeronautics and Space 
Administration. The work was performed under Contract NAS 9-12034 and 
was administered by the Thermal Technology Branch of the Structures and 
Mechonics Division, with Mr. R. Bullock as Project Technical Monitor. 


The work described herein was performed from July 6, 1971 to 
April 30, 1972. ThiB report is the final report for Contract NAS 
9-12034 and consists of two volumes: 

Volume I : Synopsis of Final Report - a brief summary of 

the study and results 


Volume II : Final Report - a detailed presentation of the 

heat pipe applications formulation, evaluation, 
supporting analyses and designs. 

Major contributors to the study wore: 


Thermal Analysis: 


J. Alario 
P. Dominguez 
D. Lehrfcld 
R. Prngor 
M. Tawil 


Weights Analysis: J. Sims 

Structural Design: J. Fiorello 

J. Valentino 
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SECTION 1 
ABSTRACT 

An investigation was made to formulate and evaluate heat pipe applications 
for the space shuttle orbiter. Of the twenty-seven specific applications which 
were identified, a joint NASA/Grurasan evaluation resulted in the selection of 
five of the moat premising ones for prototype development. The formulation 
process is described, along with the applications which evolved. The bulk of 
the discussion deals with the "top" five applications, namely: 

* heat pipe augmented cold rail 

* avionics heat pipe circuit 

* heat pipe/phaBe change material modular sink 

* air-to-heat-pipe heat exchanger 

* heat pipe radiating panel for compartment temperature control 

The philosophy, physical design details, and performance data are presented 
for each concept along with a comparison to the baseline design where 
applicable. A sixth application, heat pipe space radiator for waste heat 
rejection, was also recommended for prototype development -but its development 
would be mor. efficiently handled under a separate contract. 
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SECTION 2 
INTRODUCTION 


The heat pipe, as a component, is an extremely efficient thermal control 
device that can transfer heat with very little temperature drop. This heat 
transfer is accomplished hy the evaporation, vapor transport, condensation and 
return by capillary action of a working fluid within a sealed container. In 
addition to superior thermal performance, heat pipes have no moving parts, 
require no electrical power and can be mode self -regulating. These characteristics 
make heat pipes attractive for aerospace applications since they can benefit overall 
vehicle performance by providing thermal control systems which ere lighter, are 
simpler and more reliable, require leas power, operate at much lower noise levels, 
minimize fluid leak probabilities and have Improved maintenance features. 

In recent years there hae been a veritable explosion of information about 
various heat pipes, their design and thermal performance. As a result, the 
feasibility of various types of heat pipe devices has been established. For 
example, flight hardware or working models exist for simple heat pipes, isothezmalizers 
cold and hot reservoir variable conductance pipes, diode pipes and feedback control 
heat pipes. They encompass a performance range from cryogenic to entry temperatures 
with corresponding thermal capacities from a few to a few thousand watts. 

Heat pipes have reached the point where their unique performance qualities 
can benefit space' shuttle orbiter thermal control systems . With this in mind, a 
study was undertaken to formulate, evaluate and design practicable heat pipe systems 
offering tangible benefits over basexino designs, with a realistic chance of being 
implemented. The primary objectives of this study were: 

• identify potential heat pipe applications for the space shuttle orbiter 

• evaluate the applications and reconsaend the most pi sing ones for 
further development 

a perform detailed design and analysis on the recommended applications 

• prepare design drawings with necessary materiel specifications to 

permit fabrication of prototype hardware for at least three of the recommended 
applications 

• prepare test plans for performance verification of the three, or more prototype 
systems. 
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Secondary objectives were to: 


® evaluate a general design concept employing "off-the-shelf" heat pipe 
components to be used in minimizing costs, in the event of an extensive 
commitment to heat pipe systems 

• create study plans for the development of prototype heat pipe hardware 
for space station; space shuttle and common shuttle/station applications 
(including space radiators) 
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SUMMARY 

Each of the shuttle subsystem, i.e., structure, propulsion, 
avionics, power and environmental control and life support were reviewed 
in detail, with possible heat pipe applications areas indicated by the 
heat sources and sinks located throughout the shuttle vehicle. Twenty- 
seven iniuial applications were defined, from which eleven were chosen 
for further design and analysis. The procedure used to evaluate these 
eleven was based on a- better than/worse then comparison with the baseline 
system for each of six criteria: temperature gradient, capacity margin, 

power requirements , control requirement, weight, and safety. Because of 
the lack of factual data, parameters such as cost, maintainability, reli- 
ability, durability, and development risk were only evaluated on a 
secondary basis. 

/ 

The eleven prime contenders are briefly summarized below: 

1. Isothermalization cf the leading edge of the wing to lower 
peak temperatures and to increase mission life 

2. Wheel well radiators to mairtain minimum temperatures suffi- 
cient for tire survival by supplying waste heat 

3* A design similar to (2) for the air breathing engine com- 
partments 

4. A HP avionics circuit to collect and transfer the thermal 
load from electronics boxes to the heat +~nnsfer system 

5* Modular heat sinks for cooling remotely located components 
without the need for long extensions of the pumped coolant 
system 

6. An adaptation of (5) for the flight/voice recorders located' 
in the tail 
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7* A modular heat pipe heat exchanger system for adapting air- 
•yjQ'Lvl cocraerciea and military avionics to the shuttle 

6. /in all HP radiator system for waste heat rejection 

9. A modified version of (8) incorporating a pumped fluid 
loop header 


10. A HP augmented cold rail capable of absorbing an order of 
magnitude greater local power density when compared to a 
simple fluid cold rail 


11. A high temperature heat rejection system for the fuel cells 

The preliminary design studies of these prime contenders included 
a description of the overall system, supporting drawings showing the heat 
pipe systems and shuttle interfaces, and heat pipe design details including 
capacity requirements, working fluids, wick design, pipe lengths and 
diameters. 

further evaluation resulted in six of the eleven concepts being 
selected for detailed design and analysis. These six are noted in 
Table 3-1, which summarizes the results of the evaluation process. 

SELECTED CONCEPTS 

Heat ripe Augmented Cold Rail 

The heat pipe augmented cold rail is made by inserting a heat pipe 
m the center of a standard two-passage fluid cold rail. The heat pine, 
by distributing localized heat inputs over the length the rail, allows 
it to accommodate the higher power densities of prese. , generation power 
conditioning and control equipment. Without heat pipe augmentation, the 
previous generation electronics would have to be substituted for the newer 
and more compact equipment resulting in heavier avionics and fewer com- 
ponents mounted Per rail. Since more cold rails would be required, not 
employing heat pipes in the cold rails causes increased weight and flow 
pressure losses. The heat pipe augmented cold rail is capable of trans- 
ferring simultaneously an average heat load of ,83 watts ^inoh/side 
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and a concentrated load of 39 watts/inch/side (over 1.8 inches) to the 
fluid loop, while maintaining equipment flange root temperatures belo..- 
140°F. 

Avionics Heat Pipe Circuit 

This system consists of an equipment, rack comprised of all-heat 
pipe cold rails, a heat pipe header to collect and carry the energy away 
from the rack, and a heat pipe-rto-fluid heat exchanger to transfer the 
we it e heat to the pumped fluid (water) loop system. Heat pipe cold rails 
can more conveniently provide greater cooling capacity than all-fluid 
rails, both on a power density and a total load per rail basis; and 3 ir.ee 
heat pipes operate near isothermal conditions they provide flexibility for 
equipment location within the circuit. In addition to the twin benefits 
of capacity and flexibility, the problems associated with flow balancing 
and. pumping losses in the fluid rails are eliminated. The absence of 
fluid connections at the rails also minimizes fluid leaks and possible 
equipment contamination. 

Heat Pipe/Phaae Change Material Modular Sink 

This system provides autonomous thermal control of heat generating 
packages located in remote portions of the vehicle, where fluid-loop 
cooling would require very long lines with their inherent installation and 
leak problems. As applied to the flight data/voice recorder electronics 
the modular heat sink thermal control concept couples the electronics base 
plate (heat source), via heat pipes, to either a structural or phase change 
material heat sink, as required. 

During most phases, heat would normally be transferred to structure. 
During times of high structural temperatures the pipes would self-regulate, 
minimizing thermal feedback from structure, while utd .ing the phase change 
3 ink fer adequate equipment cooling. This system controls the baseplate 
temperature between -20°F and 130°F while the surrounding structure ranges 
between -40 c ? and 207°F. The modular heat oink thermal control concept has 
broad applicability to remotely located heat sources utilizing any number 
of possible sinks -- e.g., structure, expendable fluids, phase change 
materials, isolated radiators. 
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Air-to-Hcat Pipe Heat Exchanger 

The air cooling requirements of "off-the-shelf" available com- 
mercial and military electronics can be satiofied, without modification, 
by using a heat pipe-to-air heat exchanger in conjunction with an air 
circulating enclosure within which the equipment is mounted. The heat 
load picked up by the heat pipes is transferred to the main header of 
the heat transport system. Heat pipes are more attractive than a straight 
fluid- to- air heat exchanger because they do not require any fluid con- 
nections near the equipment, thereby decreasing the chance of fiuici 
leakage and equipment contamination. 

Heat Pipe Radiating Panel for Compartment Temperature Co ntr ol 

A heat pipe radiator system for compartment temperature control 
has power and weight advantages over an electrical system and control 
and reliability advantages over a conventional fluid radiator. The 
heat pipe radiator system described in this study has been designed for 
the orbiter ' 8 main landing gear compartment, although in principle and 
concept it can be used elsewhere. It consists of a heat pipe radiator 
panel and e diode heat pipe header. Waste heat from a convenient fluid 
heat source (in this case the Freon-21 heat rejection loop) is extracted 
by a diode/heat exchanger coupling and directed to the feeder heat pipes 
of the radiator panel. The heat pipe radiator system, as described, Js 
capable of maintaining the on-orbit main landing gear temperatures between 
40 F and 117°F with a heat exchanger flow rate of 150 lb/hr, or only 
of the maximum available rate. The system weighs 0.y4 pounds per ft 2 of 
radiator surface vs. .78 lb/ft 2 for a conventional fluid radiator. The 
weight penalty for a system which uses electrical heater3 would be 
1.61 lb/ft 2 . 
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SUCTION 4 

IDENTIFICATION/ PR1SLIMI NARY EVALUATION 

\ 

No singlo configuration was used as "the" baseline Shuttle concept 
for the purpose of identifying and fonnulating heat pipe applications. 

Rather, the configurations of three Phaso A/B Shuttle contractors were 
U3cd (References 1-3). However, Grumman 's concept sewed as the prirairy 
information source since it moro closely reflected current NASA thinking 
and the supporting documentation wan moro readily available. 

The approach was to analyze a typical Shuttle vehicle, using design 
data from one contractor to supplement that of another, which serves to 
incorporate the largest amount of available engineering information in the 
baseline configuration. However, there still was insufficient design data 
to provide detailed flight requirements for all of the Shuttle’s heat 
sources and oinks, o.g,, temperature, heat load, operational timelines. A 3 
a result, many of tho preliminary evaluations and tradeoffs were qualitative, 
relying heavily on sound engineering judgement. They were supported by 
analysis whenever possible. 

Grumman 'a subsystem definition (see Table 4-l) was used to categorize 
the major functional areas on the Shuttle. Each of these subsystems wore 
then reviewed in detail for feasible heat pipe applications by scrutinizing 
all the heat sources and heat sinks which comprised them. Examples of typical 
shuttle heat sources are given in Table 4-2. A list of shuttle items that 
have low operating temperatures and sufficient capacity to be. designated as 
heat sinks in given in Table 4-3, 

The factors considered in developing the ap. ...cations were temperature 
and capacity requirement;., physical location on the vehicle, mission environ- 
ment, geometric or operational constraints, and effects of inertial forces on 
the movement of the working fluid. Inei-tial forces during powered flight and 
entry can bo as high a a 3 g'c and, an seen from Fig. 4-1, the direction of 
these forces can vary through iGO degrees during the various mission phases. 
For a heat pipe mounted porallo.l to tho fuselage reference lino, these forces 
will drive the working fluid aft during ascent and generally forward during 

GRUMMAN 


TABLE 4-1 - arc SUBSYSTEM DEFINITIONS 


A. Structural 

1. Fuselage 

a. Nose Module 

b. Forward Mid Module (Crew Compartment, Payload 
Compartment ) 

c. Aft Mid Module (ABPS Engine Support) 

d. Aft Fuselage (Thrust Structure and Mounts) 

e. Tanks (IO 2 , OMS, ABPS) 

2. Aero Surfaces 

a. Wing 

b. E lev on 

c. Fin 

d. Rudder 

3. External IHg Tanks 

4. Thermal Protection 

5 • Crew Station/Equipment and Passenger Accommodations 

6. Flight Control Mechanical Equipment 

7. Recovery System (Landing Gear) 

B. Propulsion 

1. Main Propulsion System 

2. \ir Breathing Propulsion System 

3. Orbit Maneuvering System 

4. Attitude Control Propulsion 

C. Avionics 

1. Guidance and Navigation 

2. Flight Control 

3. Datr. Management 

4. Instrumentation 

5. Telecommunications and Air Traffic Control 

6. Displays arid Controls 
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TABLE U-l (Continued) 


D. Power 

1* Power Generation 

2. Electrical Power Distribution 

3. Hydraulic 

E. Environmental Control Life Support 

1. Atmospheric Revitalisation 

2 . Heat Transport/lleat Rejection 

3. Atmospheric Supply and Composition Control 

4. Water Management 

5. Waste Management 



TAB IE 4-2 - TYPICAL HEAT SOURCES ON THE SPACE SHUTTIE 


Internal 

0 

A\ ionics 

o 

Environmental Control 


- n Black boxes’ 1 


Equipment 


- Aircraft avionics 

- Spacecraft electronics 

- Radar antennae 


- Radiators 

- Heat exchangers 


- High power wiring & connectors 

o 

Main propulsion equipment 

0 

Electrical power equipment 
•• AFU 


- Cimbal rings 

- Heat exchangers 


- Fuel cells 

0 

Air breathing engine equipment 


» Batteries 


- Lubricants 

o 

Hydraulic equipment 


- Propellant 


- Pumps 

o 

Structure 


- Hydraulic linos & control valving 


- Landing gear 


- Actuators 


- Engine compartments 

- Wheel veils 

- Pivots and attachments 


External 



0 

TPS 

o 

Environmental 


- Aerotnermodynamic heating 


- Solar radiation 


- Post- flight soakback 


- Earth radiation 


- Plume impingement 


- Direct and reflected 




radiation from other 
space vehicles 
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TAB IE 4-3 - TYPICAL SPACE 3HUTTIE HEAT SINKS 



Internal 


External 

0 

Structure 

o 

Spare 

0 

Cryogenic tankage and piping 

o 

Deployable space radiators 

0 

Cryogenic boiloff 

0 

Fixed space radiators 

o 

Water boilers 

o 

Other 8 pace station modules 

0 

Water sublinators 


or vehicles 

0 

Freon boilers 

o 

Ground support equipment 

<J 

Fluid loop elements 

o 

Air conditioning, inert gas 

0 

Cold plates, cold rails, 


purge 

0 

0 

heat exchangers 
Air cycle equipment 
Propellants 


> 

i 
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rnt * r y* 'ftiun, 1 r ration In re'iul rod during other ti.-'jjr* orbital mI::::Lor» 
‘•f./x/MTc: pip*: hs..ti (tom t ne dUi/ir normal to the gravity vector or a 

rei lux condition must exist. The latter Implies a gravity assisted return 
of the working fluid to the evaporator. Consideration was given to opera- 
tion during five mission phases: 


Phase 

Description 

Duration 

(Hr) 

Launch 

Prior to lift off 

2 

Boost 

Ascent to orbit 

2 

Cn- orbit 

270 n mi, i = 55° 

164 

Entry 

De-orbit to sea level 

2 

Landing 

Up to GSE hook-up 

1/2 




ORWTAL PLANE 

(MINIMUM AR TIFt CAL 9 REC^m 


« • IW5RT1A FORCE VECTOR OF 
HEAT PIPE FLUID 


| LAN (X KG 
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FIGURE 4-1 - INERTIA FORCE VARIATION DURING SHUTTLE MISSION 
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Identification sheet3 for each proposed application are cont.airied 
in Appendix A-l. Each sheet gives a description of the application , its 
requirements and its advantages and disadvantages. 

They have been evaluated and grouped into three general categories. 

Prime Contenders (Rating =2) : Those applications offering tangible 

benefits over the baseline thermal control system and a realistic 
chance of being implemented. They arc minimum risk systems with 
potentially large payoffs. 

Possible Contenders (Rating = l) : Those applications providing 

marginal improvements over the baseline systems. The potential 
benefits are uncertain and may not warrant the development effort. 

Rejected (Rating =■ 0) : Those applications offering no significant 

benefit over the baseline. Insufficient definition exists to warrant 
further consideration at this time. 

Table 4-4 lists the proposed applications and their ratings. A 
description of ea.h application is given in Appendix A-5. 

Additional work was done in areas related to applications previously 
identified, in response to changing Shuttle definitions. These discussions 
for 

(1) coupling the wing leading edge to the upper wing surfaces to 
equalize temperatures, 

(2) lowering the backface temperatures of supcrlight ablator panels, 

and 

(3) using heat pipes in a lube oll/hydrauli ,'luid hee.t exchanger 
for a hypergolic fueled APU, 

are contained in Appendices A-2, A-3, end A-4, respectively, lione of them 
were evaluated as prime contenders. 
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TABLE 4-4 - SKUTTIE HEAT PIPE APPLICATIONS CANDIDATES 


Prime Contenders (Rating =2) 

Title • 

1. TPS leading Edge 

2. Landing Gear 

3. Avionics HP Circuit 

4. Modular Sinks 

5. ATR Equipment 

6. Flight 8c Voice. Recorders 

7. HP Radiator W/HP Header 

8. HP Radiator with Integral HP/Fluid 

9. ECS Cold Rail 

10. HP Radiator for Fuel Cell 

11. Air Breathing Engine Compartment 

Possi ble Contender (Rating = l ) 

12. OMS nig Boiloff 

13. High Intensity Lights 

14. Battery 

Ip. Tracking Radar 

16. Fluid Evaporator 

R ejected (Rating =0) 

17. Fuselage TPS, Interference Keating 

18. TPS Panel 

19. Control Surface Pivots 

20. Cm I0 2 Boiloff 

21. Main LO 2 Tank Boiloff 

22. C-3and Directional Antenna 

23. Electrical Wiring 

24. Hydraulic Actuators 

25. APU 

26. LO 2 Natural Recirculating System 

27. Water Chiller 
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Subsystem 

Structure 

Structure 

Avionics 

Avionics 

Avionics 

Avionics 

ECS 

Header ECS 

ECS 
Power 

Propulsion 

Structure , 
Avionics 
Avionics 
Avionics 
ECS 

Structure 
Structure 
Structure 
Structure 
Structure 
Avionics 
Avionics 
.rfer 
Power 

Propulsion 
ECS 





SECTION 5 

PRELIMINARY DESIGN STUDIES 

Eleven prime contenders for heat pipe applications on the space 
shuttle have been identified in the previous section. They represent 
applications offering tangible benefits over their counterpart baseline 
thermal control systems and a realistic chance of being implemented. This 
section gives the preliminary design studies of these prime contenders in 
eleven self-contained write-ups. Each write-up includes a written discussion 
of the application, supporting drawings showing the heat pipe systems and 
shuttle interfaces, and preliminary heat pipe design details including capacity 
requirements , working fluids, wick design, pipe lengths and diameters. The 
write-ups are presented in the following order: 


Section 

Title 

5-1 

TPS Leading Edge (SPL-114) 

5-2 ' 

Landing Gear (SPL-103) 

5-3 

Avionics HP Circuit (SPL-102) 

5-4 

Modular Sinks (SPL-112) 

5-5 

ATR Equipment (SPL-105) 

5-6' 

Flight and Voice Recorders (KPT.. ill) 

5-7 

HP Radiator with HP Header (SPL-lOl) 

5-8 

HP Radiator with Integral HP/Fluid Header 

5-9 

HP Augmented Cold Rail (SPL-]0M 

5-10 

HP Radiator for Fuel Cell (SFL-110) . 

5-11 

Air Breathing Engine Compartment (SPL-105) 


(SPL-113) 
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5-1 - TPS IE APING EDGE (SPL-114) 


The baseline thermal protection system for the leadinge edges of 
the shuttle wings and vertical fin is an oxidatior resistant carbon-carbon 
reinforced pyrolyzed plastic (RPP) composite structure. This class of 
materials, although still under development, has shown the potential for 
long term exposure in an oxidizing atmosphere at temperatures exceeding the 
limits of coated metals. The substrate materials, comprised of graphite 
cloth or filaments, offer low density (~ 2 lbs/ft 2 of surface area) with 
good strength at elevated temperatures. The development work is being done 
for ftASA by Vought Missiles & Space Co., Dallas, T°xas. Their phase I 
evaluation is given in VMSC Final Report T143-5R-00044 (M3C-02557) and 
covers the performance period through February 1971. Two diffusion coating 
systems are candidates for the oxidation resistant coatings: siliconized 

RP? and zirconium-boron-silicon coated RPP. 


Tne report indicates that siliconized RP? is projected to meet a 100 
mission life capability at 3500°F radiation equilibrium temperature and a 
10 mission life capability at 3710 F . me former temperature exceeds 'ohe 
2900°F which was previously considered the limit for a 100 mission life. 
However, it must be emphasized that the 3500°F limit is projected , it does 
not exist now. 

The report also points out the importance of minimizing thermal stresses 
in the carbon - carbon material. It is the most significant design parameters 
for coated RPP with a high elastic modulus but somewhat less important for 
base and coated RPP with a low elastic modulus, me baseline approach for 
reducing circumferential temperature gradients is to increase material thick- 
ness. But the RPP's low thermal conductivity (2-7 Bt>- 'Hr-Ft-°F) makes this 
prohibitive from a weight viewpoint when applied to areas of severe temperature 
gradients. Gradients were reduced only 7.5% when the thickness was increased 
from .20 to ,50 inches. 

High temperature liquid metal heat pipes can be applied to the leading 
edges in areas of high aero-heating to reduce the adverse circumferential 
temperature gradients in the carbon-carbon. Sheet 2 of Figure SPL-114 snows 
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the radiation equilibrium temperature distribution at the wing lead'ng edge 
during peak heating (400 seconds after re-entry). It includes the equalizing 
effects of internal reradiation between the backface surfaces. Accounting for 
this cross -radiation reduces the maximum surface temperature at the stagnation 
point by 370°F . The corresponding thermal gradient across the .20 inch tliick- 
.ness is 278°F. 

It should be noted that failsafe considerations demand that the minimum 
material thickness be determined by the single mission capability of unccated 
RFP which has a recession rate of 4 to 5 (lO" 1 *) in/sec. Thi 3 means a minimum 
thickness on the order of .20 inches. 

A preliminary evaluation of the use of high temperature heat pi pc s was 
done by D. Ernst, P. Shefsiek and J. Davis of the Thermo Electron Corp. , 
Waltham, Mass, under an informal agreement with Grumman Aerospace. The subse- 
quent application is based upon their contributions for the design of the heat 
pipes. 

Three configurations for the application of heat pipes to the leading 
edge are proposed. They are all based on isothernalizing the surfaces to 
which they are attached and all of them use lithium as the working fluid 
since the operating temperature range is on the order of 3000°F. 

The first configuration, shown on sheets 1, 2 and 3 of SPL-114, involves 
isothermalizing the entire wing leading edge. Heat pipes located along the 
element lines of the airfoil (see sheet 3) carry heat to a secondary HP header 
which follows the circumferential contour of the foil section (see sheet 2 ). 
Each secondary header, in turn, feeds the primary HP header which runs parallel 
to the leading edge at about the 7 % chord line. The theoretical effect of this 
application would be a uniform temperature of aboul _450°F along the entire 
leading edge. 

Preliminary e valuations have raised objections to the number of HP to 
HP joints that are required (excessive A T's). the long length of primary 
header called for, and the obvious weight penalty incurred by these many 
pipes . 
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Configuration II (oheet 4) involves isothemalizing only a small 
section of the leading edge by attaching heat pipes which follow the circum- 
ferential contour of the edge, Heat Pipes (l" wide by 1/4" deep) ore placed 
side by aide, as necessary, to equalize the temperatures in high heating 
rate areas. Application of an isothermalizer heat pipe to the section of 
sheet 2 would result in a theoretical uniform temperature of 2630°F, a re- 
duction of 4S0°F from the maximum stagnation line temperature. It would 
require a hoot pipe capable of transmitting 26 watts/cm 2 of surface area, 
which is low compared to heat pipes which have been built and tested as seen 
in Table 5-1. 

The heat pipe envelope could be made from one of the materials Shown 
in Table I on oheet 4. One of the areas requiring further investigation i3 
the bonding mechanism of the HP envelope to the RIP backface. Materials 
compatible with lithium might also be a problem although Thermo Electron 
has succeosfully run a TZM- lithium heat pipe at 3300°F and 190 watts/cm 2 for 
4600 hours. It used a 60/60 Molybdenum screen nesh for its wick. They have 
also danonntratwd a tungsten- lithium pipe using 50/50 tungsten mesh at 
and 100 watto/cm 2 , Tho demonstrated operating temperatures end 
power densities are well within the requirement for this application (2600 - 
2800°F and 26 vatto/cm 2 )» 

An approach to overcome the attachment bonding problem is to form a 
loading edge structure that contains enclosed Internal channels which act 
as heat pipe envelopes (see Configuration III). Thus, the heat pipes are 
integral to the RPP structure and also contribute to the structural stiffness 
of the panel. About 50*j6 of the heat pipe weight can then be credited to 
structure, thoroby decreasing the weight penalty associated with U3ing the 
heat pipes. 
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TABLE 5-1 - HIGH TEMPERATURE HEAT PIPE PERFORMANCE DATA* 
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WHEEL WELL RADIATOR - ON-ORBIT MINIMUM 
TEMPERATURE CONTROL (SPL-103) 


A system for heating the wheel assembly while in orbit is necessary,, 
as rubber tires cannot survive temperatures below -6s°F, and should not be 
used for landings below -50°F. 

Under normal operating conditions waste heat is brought from the 
low -temperature cabin electronics back to the area of fuselage station X1212, 
where it is carried outboard and then up to the rearmost low temperature 
radiator panel. At this point, some heat could be diverted to panels in the 
main landing gear wells as shown in SPL-103. 

It was decided to use the heat obtained from the circuit to heat tvo 
radiator panels in each wheel veil, one on each side facing a tire. In this 
configuration, the energy emitted by the radiator would maintain an acceptable 
tire temperature. 

In choosing the capacities required in the heat pipes to be used, the 
heat loss to the skin at -l80°F from an assumed wheel veil wall temperature 
of -20 U F was calculated to be 300 watts per wheel well. I:; was then assumed 
that this amount of energy must be supplied to the radiators. 

The wheel well radiator headers are connected to the main heat transport 
circuit by a diode heat pipe to each well. A diode heat pipe, permitting flow 
only toward the wheel well, was chosen to prevent leakage of heat back into the 
heat transport circuit during re-entry. 

This diode could be made of a half-inch diameter heat pipe, which, in 
the required dimensions, has a capacity of 544 wai . and a maximum loading 
requirement of 300 watts. 

From each of these diode heat pipes, there are two half-inch diameter 
headers supplying each radiator panel vith 150 watts. If the headers are 
filled with ammonia the capacity of each is close to 1.4 .kilowatts; if filled 
with Freon -21, 285 watts. 
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From this header, there are six feeder pipes into the radiator, 
each of which must supply 25 watts. If ammonia-filled feeder heat pipes 
are used, the capacity of each will, be in excess of 2.5 kilowatts; if 
Freon-21, the capacity of each will be about 500 watts. 
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- HEAT PIPE HEAT TRANSPORT SYSTEM (a), AVIONICS HEAT Pi 1 
CIRCUIT (b) (SPL-102) 


(a) HP Heat Transport System 

When the vehicle is in orbit, much of the internal load is generated 
by electronics in and around the cabin area and by the fuel cells which are 
forward of the cabin area. This heat is to be dissipated by a group of 
radiator panels on the inside of the cargo bay doors. It is necessary to 
transport this heat energy some distance through the ship and the heat pipe 
circuit described herein has been designed for this purpose. 

The electronics gear in the cabin area may be divided into two cate- 
gories: "high-temperature" electronics (operating at around 90°F) and "low 

temperature" electronics (operating at around 4o°F). These high and low- 
temperature sources make it thermally more efficient to use separate "circuits" 
for each, to transport and reject the waste heat load. 

1 

In designing such heat pipe circuits , there is a trade-off involved - 
the longer the transport section, the less the maximum heat pipe capacity, in 
an almost hyperbolic relationship. Yet the designer would like to minimize 
the number of series connected heat pipes between points in order to minimize 
contact conductance temperature drops between them. In the present case, with 
loads on the order of 5 kilowatts, it is necessary to do so. 

It was decided to use a series - parallel design (as shown in SPL-102) 
in order to maintain the necessary heat transfer capacity in the event of 
failure of one heat pipe. large capacity pipes (i" ID, smmonia-filled) are 
specified, in view of the largo capacities and comparatively long effective 
lengths required. 

The "hot" circuit consists of two parallel links of three heat pipes 
in series, connected fore and aft by isothermalizing "crossover" heat pipes. 
These pipes in series each have a capacity of over 4.9 kilowatts, end, at 
maximum heat production by the fuel cells, are required to carry only 2,110 
watts. In the event of a complete failure of one of the series links, the 
other is capable of carrying the full load. 
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When this heat load reaches fuselage station X 918, it is carried to 
the radiator header by two "leader" heat pipes, one on each side, with each 
having a capacity of 4,l64 watts and a load-carrying requirement of 2,110 
watts . 


The "cold" circuit is similar, but, du:, to the larger maximum load 
produced by the cabin area electronics (6,780 watts), it was necessary to go 
to four parallel links of three heat pipes each. This circuit is shown as 
originating in the center of the cabin area, as few details are available 
concerning specific placement of equipment. 

Each of the four parallel links has a capacity of 4,064 watts and is 
required to carry a maximum load of 1,690 watts. If a heat pipe in one link 
failed, the other links would then have to carry a maximum of 2,260 watts, 
still well within the predicted capacity of the heat pipe. If a less critical 
margin of safety is acceptable the system needs only naif the number of pipes. 

At fuselage station X1110, heat flow splits between the two forward 
"cold" radiator panels (with a capacity of 3,917 watts and a requirement of 
2,260 watts) and a continuation of two of the parallel links by two "terminal" 
heat pipes (with a capacity of 5,397 watts and a requirement of 1,130 watts), 
attached at fuselage station X1212 to the headers of the aft radiator panel 
on each side. 

At this point, some of the heat energy is taken from the area of this 
aft leader/header interface to the radiator panels in the main landing gear 
wheel well (see Section 5-2). 

(b) Avionics HP Circuit (SPIr-102B) 

While the foregoing discussion dealt with an all heat pipe heat trans- 
port system, it is possible (and perhaps advisable) to use a conventional fluid 
loop as the transport system between smaller heat pipe circuits and an ultimate 
sink (e.g., radiator, fluid boiler). This would allow the newer heat pipe tech- 
nology to be gradually integrated with more common systems and controls. The 
avionics subsystem is an area where such a hybrid system might be particularly 
advantageous . 
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Standard avionics equipment which has bee:, designed for flnid cold 
rail or cold plate cooling will instead be attached to all heat pipe rails 

i 

or plates. The mounting interfaces would be unchanged. The "feeder" heat 
pipes from the cold rails will then be joined to intermediate heat pipe 
headers which, in turn, will be connected to the main fluid header. Figure 
SPL-102B shows one such arrangement. Its main advantages are more flex- 
ibility and improved maintainability . 

The absence of fluid paths within an equipment rack eliminates flow 
splits and flow balancing problems - especially when requirements change and 
items are modified and relocated. The complete lack of fluid couplings 
permits entire racks to be removed without contaminating the heat transport 
fluid system and requiring end Jess cycles of purging and recharging - a 
quite common occurrence on previous spacecraft fluid loop systems. 

One-half inch diameter heat pipes will be used in the cold rails , with 
water as the working fluid for applications inside the pressure shell and 
Freon-21 used outside. The heat transport capacity for a typical \ inch water 
pipe is 850 watts at 100°F and 250 watts at UO°F. 
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5-U - MODULAR SINKS (SPL-112) 


Shoot 1 of SPH12 illustrates this concept. It would be simpler 
to cool a remotely located, low power output (except for short periods of 
high power dissipation) component by seme local means rather than extending 
a pumped fluid coolant loop to these remote locations. This concept 
describes one means of accomplishing this. 

Heat could be removed from the component by means of heat pipes 
(sheet 2), in u manner similar to that used to cool electronic components 
with cold rails. This heat would be carried by a header running through 
the modular sink to a diode heat pip?. Hie latter is in turn attached to 
a oink (structure or a small radiator) capable of dissipating the small 
steady lood produced by the component. 

Under low-power conditions, the modular sink would be unaffected. 

When the: component switches to its high power mode, the conventional sink 
would be 'uiable to absorb the extra energy. Ab the sink temperature 
increased, the heat pipe vapor temperature would increase until it reached 
the melting point of the phase change material. The absorber would then 
retain the extra heat and hold the vapor temperature in the heat pipe steady. 
When the component returned to its low power mode, the phase change material 
would resolidify, giving up the heat it had absorbed to the sink, thus 
resetting the device for the next cycle. 
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3-3 ADAPTATION OF MUTUARY AND COMMERCIAL AIR AVIONICS 
TO THE S K I LTIE (SPL-103) - AIR TRANSPORT 
RACK EQUIPMENT' 


Extensive use of available commercial airline and military aircraft 
avionics is planned for the Shuttle because they are about ono-fifth to one- 
tenth the cost of "space- tailored" equipment. However, much of this equip- 
ment has ’ ->n designed for standard mounting fixtures (racks) and requires a 
convc e atmosphere for proper temperature control. Some means for marrying 
these requirements, without alteration, is necessary to take full advantage of 
the potential cost savings. 

Modular designed heat pipe-to-air heat exchanger elements in conjunction 
vl'h an air circulating enclosure can provide a standard approach for the 
adaptation of aircraft avionics to the shuttle orbiter. A typical enclosure 
for cabin located equipment would consist of suitable shelving or bracketing 
for mounting standard military air packaging or stacked printed circuit cards. 
Forced air circulation would be provided by a centrally located fan or blower. 
The blower air is diverted from a supply plenum to parallel passages v’.-ere it 
passes up, through and over the equipment. 

Current ATR mounting configurations (Sheet 1 of SPL-105) feature 
passages which lose a portion of their air to on adjacent passage. The cooling 
air which passes up and through the equipment comes from the adjoining passage, 
through holes in the mounting plates. Air which passes over the tops of the 
equipment comes directly from the supply plenum. The projected ATR mounting 
configuration (sheet 2) calls for completely separate, non- communicating, 
parallel passages where all the flow passes up, through and over the equipment. 
Each charge of air makes only one pans; 

In both configurations the heaxed air from each channel flows into a 
return plenum where it mixer, end it directed t? the 1 lower intake. Immediately 
before reaching the intake, the air flows through the finned heat pipe heat 
exchanger modules where it rejects its heat. The heat load picked up by the 
heat, pipes is then transferred to either a heat pipe header or fluid header 
for eventual transport to a final sink (e.g., radiator, expendable fluid). 

GRUMMAN 
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The ATR enclosure would be designed to hold sufficient intornrl 
pressure to survive temporary loss of crew compartment air. Adequate 
vibration and shock attenuation would be designed into the enclosure to 
eliminate shock mounts on each individual component. 

The proposed heat pipe designs would be more desirable than similar 
coolant system liquid-to-air exchangers in that they would provide more 
flexibility and eliminate flow splits, pressure drop or fluid connection 
problems associated with the liquid loop systems. 

There are additional benefits in that some degree of inherent control 
(for example, the use of a VC1P) could be passively involved, giving better 
temperature regulation and thus more reliable electronics performance. 

Improver, temperature regulation and forced air circulation patterns 
would also preclude the need for additional therm;. .1 testing beyond the 
requirements of the governing specifications. 

The use of heat pipes would also improve maintainability and -,'elia- 
bility. Tne repair or removal of an ATR enclosure would be simplified since 
it would not require the opening or resealing of fluid lines. Also, a heat 
pipe puncture cr leak, would not endanger the electronics as much as a similar 
leak in a pumped loop heat exchanger, since it contains a limited amount of 
nor.-conductive distilled water as compared with the er. ;ire volume of rela- 
tively impure (pump contamination) ECS fluid. 
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5-6 - FLIGHT VOICE RECORDER /DATA RF C OP.^SR TK '•?£?, ATURK 

CONTROL ( SPL-lll) 

The flight data and voice recorders for the Shuttle are FM Type III 
(ejectable, unrestricted location). They are currently located in the lower 
aft portion of the vertical fin as shown on SPL-lll, sheet 1. The standard 
recorders are required to function in an ambient thermal environment from 
-68°F to +l60°F and must not be adversely affected by exposure from -86 C F to 
+l60°F. The published electrical power profiles (Grumman Shuttle Memo B35- 
l60M0-6l) call for continuous operation of both recorders (lOOf, duty cycle) 
throughout the 7 day earth orbital mission (168 hrs.). The flight data 
recorder dissipates 21 watts and the voice recorder 20 watts. 

The temperature extremes of the surrounding fin structure are: 

100°F : Launch & Boost 

-U0°F to 110°F : On-Orbit 

600°F Max : Re-entry 

Thus, the surrounding structure can be used as a heat sink during on-orbit 
operations only. 

Using conventional circulating fluid techniques (i.e., ECS loop) to 
control the temperature of the equipment would require long, out-of-the-way 
runs for the coolant lines. This creates additional pressure losses and flow 
balancing problems in the fluid loop system in the event that the recorders 
are relocated. 

Heat pipes internal to a common cold plate type mounting surface can 
transfer heat from both recorders to either an int<=" ediate sink or the local 
fin structure, as the situation demands. See shee^ 2 for a typical installa- 
tion. Heat flows from the recorders through the mounting plate to the internal 
heat pipes. These heat pipes, in turn, couple the mounting plate to diode heat 
pipes and also to the intermediate sink. During cold conditions, when the sur- 
rounding structure is cooler than the temperati’ie of the equipment, the diode 
pipes complete the connection to structure, bypassing the intermediate sink, 
er.d creating a direct path from recorders to the structural sink. When the 
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structure gets warmer than the equipment the diode rev oj, breaking the 
heat flow path to structure . Now the heat is transferred to the intermediate 
sink which can he either a phase change material (used if the recorders are 
on intermittently) or on expendable fluid such as water (used when operation 
is continuous). In either case, the intermittent sink and the recorders are 
well insulated from the structure to prevent their absorbing heat during 
extreme heating conditions. 

The recorders are mounted so th&t the inertia vector assists the return 
of fluid from the condenser sections to the evaporator sections (mounting plate) 
of the heat pipes during boost and reentry mission phases. Sheet 2 shows a 
configuration using a phase change material as the intermediate sink. The 
configuration shown on sheet 3 uses vn expendable fluid heat sink. This 
would be the only suitable intermediate sink for a 100 percent duty cycle 
and would require up to 21. 4 pound3 of water, depending upon how long the 
fin structure can be used as a heat sink. 

The 3/8 inch I.D. heat pipes would employ a spiral artery wick using 
Freon-21 a3 the working fluid. Each pipe has a capacity of 200 watts, more 
than enough to satisfy operational requirements while also providing a good 
measure of redundancy in case one of the pipes malfunctions. 
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5-7 - HEAT PIPE RADIATOR SYSTEM (SPL-lOl) 


The baseline concept uses fluid-loop radiators in orbit to dissipate 
the heat generated by the fuel cells and various cabin and remote electronic 
systems. Alternatively, the radiators (and related headers) could be made 
xising heat pipes. ' ; 

The fuel cells and "high temperature electronics" mast be maintained 
at temperatures in the 85 - 9C°F range; the "low- temperature" cabin electronics 
must be maintained at around kC c F. Although it i 3 possible to operate all the 
radiator panels at the same temperature, it is more efficient to segregate the 
load into two radiator systems : a high-temperature system and a low- temperature 

system. 

p 

The baseline radiator area of 700 ft is divided among 10 panels, 5 on 
each cargo bay door, the forward two panels on each side (the high- temperature 
panels) being 9' 10" by 6' 5", and the three aft panels (the low- temperature 
panels) 11' 1" by 6' 5". 

Heat is brought from the internal heat transport. system to the radiators 
by means of 1" diameter variable conductance heat pipe headers, and transferred 
throughout the panel by means of small (J" diameter) feeder heat pipes. 

The six "cold" (-~ 60°F) radiator panels must dissipate a load of 32,500 
Btu/Hr from the low temperature electronics. This is 3,750 Btu/hr or 1,130 
watts per panel (and therefore per header). Computer studies indicate that 
an ammonia-filled heat pipe, with an eleven-foot condenser, a twenty-five inch 
transport section, and a four-foot evaporator has a capacity of over two 
kilowatts. 

Sheet 2 of SPL-lOl shows one possible configuration for the twenty-five 
inch transport section. It assumes heat is tvought to the evaporator of the 
header at the shuttle wall, then carried around a f lexib le transport section 
consisting of a wick inside flexible hosing, and finally given up to the 
feeder pipes in the radiator panel by the condenser section. 
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Several alternate headers are being considered, with rotatii.,* con- 
ductive couplings between heat pipes (rather than direct transport within 
a heat pipe) at the hinge line. 

One such coupling is shewn on sheets 3 and 4 of SPI/-101. The radiator 
header would have its condenser section unchanged, would retire no transport 
section, and would have an evaporator section shaped like a trapezoidal flat 
paate rather than a cylinder. It would be placed on the hinge line, and on 
either side of it, in a 'sandwich- like" configuration, would be placed 
identically shaped condenser sections of two other heat pipes fixed in posi- 
tion relative to the shuttle wall and carrying heat to the hinge line from 
the internal heat transfer circuit. Heat would be transferred across the 
hinge line by conduction from these condenser to the evaporator of the header. 
(The requirement that there be no projections through the skin when the cargo 
bay doors are closed dictates the shape of the evaporator and condensers 
involved, ) 

A variable conductance heat pipe header was chosen to provide control. 
As the heat production of internal systems decreases, the operating tempera- 
ture of the header drops, causing the non-condensible gas in. the reservoir tc. 
expand, blocking off a part of the condenser section. This, in effect, cut3 
off part of the radiator area and so prevents the working temperature from 
dropping too low, acting a3 a control device on the radiator. By properly 
designing the header, it would be possible to cut the radiator off entirely 
in no-load conditions. 

From the condenser section of the header, heat is picked up by a 
large number of small feeder pipes extending out into the radiator panel, 
spaced at six- inch intervals. As shown, each feeder pipe has on evaporator 
length of 5 3/4" and a condenser length of 6' 5". ' -iputer studies show that 

such a pipe, with an ammonia fill, Js capable of transporting over 600 watts; 
the load it would be required to carry is 51.3 watts ( 1,130 watts divided by 
22, the number of feeder pipes per "cold" radiator). 
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IA3IE 5-7 HZAT PIPE 2X7ER FOR RADIATOR 



•Recent data, Indicate* *a lcproveaent of (*t lent) a factor of tiro la these figures, 
cm* -ha If tho temperature drop. 
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5-8 - HEAT PIPE RADIATOR WITH INTEGRAL H/P 

FUTP HEADER (SPL-113) 

An alternate approach to the heat pipe radiator is shewn in drawing 
SPL-113. This configuration assumes that a pumped fluid loop system has 
been chosen as the basic heat transport mechanism from heat sources to the 
radiators, and it is desired to connect a variable conductance heat pipe- 
controlled radiator to this system as the heat rejection device. 

The use of VCHP control has advantages over conventional fluid loop 
bypass and regenerative systems in that it is self-controlled - there is no 
need for external monitoring or control devices. Reliability should be very 
high, as there are no moving parts. 

A proposed configuration for the VCHP header/fluid header interface 
is shown in sheet 2 of SPL-113. The evaporator section of the heat pipe 
header is immersed in the fluid and held in place by moans of many small fins 
which are brazed to the outside of the heat pipe to increase the heat 
transfer. The condenser section of the heat pipe header lies above the fluid 
manifold, with an insulating block between them. Small feeder heat pipes 
extend perpendicularly from the heat pipe header into the i-adiator panel, 
spaced at six-inch intervals. 

There are two panel configurations to be studied. On a 132 inch by 77 
inch radiator panel, with the short, dimension parallel to the cargo bay door 
hinge .'line, the header could be pieced either along the short dimension 
(parallel to the hinge line, as shewn on sheet 2) or along the long dimension 
(perpendicular to the hinge line, as e’-'.own on sheet 3). The former, having a 
shorter exposed fluid header, requires less meteoroid protection and therefore 
io lighter j the latter, though it exposes 264 inch, of the pumped fluid line 
to space (fluid header an! return), gives better thermal performance because 
of the increased area of fluid-to-heat pipe contact. 

in either configuration, the ammonia-filled heat pipe header can easily 
carry tl:o required load of 1200 watts per panel: the long header has a capacity 

of *4,300 watts and the short header of 6,450 watts . 
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In both cases, the feeder pipes have an evaporator length of ■■•.75 : 

Inches, the feeder pipes used with the long header have a condenser length 
of 77 inches, and those used with the short header have a condenser length 
of 1,32 inches. Of these two feeders, the longer would be required to carry 
92 A watts and has a calculated capacity of 815 or 330 watts (with ammonia 
and Freon-21 fills, respectively), and the shorter has a required load of 
5^.6 watts and a calculated capacity of 1,260 watts or 460 watts (with '"} 

respective ammonia and Freon-21 fills). • I 


Use of a variable conductance heat pipe header for thermal control 
requires the heat pipe operating temperature, end therefore the entire, 
radiator panel, to be below the fluid outlet temperature. This results in 
a less thermally efficient radiator panel than a pumped fluid loop panel, 
part of which would be operating at a relatively high temperature. If this 
low operating temperature requirement should make the shuttle radiator area 
insufficient to dissipate the required heat energy, an alternate design not 
having this restriction, consisting of a fluid header (requiring conventional 
controls) and heat pipe feeders, will be investigated. 


Two such configurations are shown on sheet 4, having possible advantages 
over the baseline system. As meteoroid bumpers arv unnecessary except for the 
fluid header, the configurations shown may be lighter than the baseline; fluid 
pressure drops in these systems must be compared to those in the baseline system. 
Ey employing a hybrid system, where only some of the feeders axe VCHP's, much 
of the requirement for conventional- type thermal control may be e lim inated. 
Another approach would rely on load segregation or series panel arrangements 
resulting in each panel radiating at a different temperature. Fo» example, 
one panel would have a 100°F fluid inlet with a 90°F outlet, the next panel a 
90°F and etc. 

Any of these alternate systems would use feeder heat pipes similar to 
those of the fluid/heat pipe header design, so capacities and requirements 
would be similar. 
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HEAT PIPE AUGMENTED CO ID KAIL 


Examination of the Power Conditioning Electronics proposed for the 
Space Shuttle Orbiter depicts dissipation levels of some of the flange- 
mounted modules in the range of 40 watts per linear inch per side. This 
value is approximately 16 times greater than the maximum design values 
reflected in the Lunar Module cold rail design and exceeds the capability 
of simple fluid cold rails. If not thermally corrected, this condition 
would necessitate a less efficient (in terms of weight and volume) redesign 
of electronics packages. 

An evaluation of the entire pc^ver inverter assembly, which contains 
the high dissipation component, shoved total dissipation for its 20-inch 
length to be 260 watts. This can be further translated to an approximate 
requirement of 200 watts for the entire 20-inch rail. This range (200 w/ 

20 in., or 10 w/in.) is not far from present cold rail capacities considering 
the use of both coolant passages simultaneously. Evaluation of. cold rail 
designs showed the limiting parameter tc be the resistance between the short 
length of heat input seel. ion on the rail and the wetted coolant interface. 

An improvement would be achieved by spreading or diffusing heat me 
increase the effective coolant wetted area. An increase in rail material 
thickness is simple but would cause an undesirable weight penalty. Using a 
heat pipe to provide high-capacity longitudinal isothermalizing is simple 
and light. Figure SPL-104 depicts the proposed conf iguration. The heat pipe 
is on integral part of tho extruded rail and it serves to distribute a localized 
high heat load over the length of the rail. 

All dimensions for coolant passages and rail thicknesses are sized for 
approximate capacity. An optimization of capacity, vidt' , and weight trade-off 
will be performed during detailed design. 

The capacity of the rail is to be defined by two parameters: 

(l) Peak localized input, limited to any two-inch long section of 
the rail* a mounting flange, and 
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(2) The total maximum average heat absorption rate applicable 
to the entire rail length. 

Both parameters must be satisfied for adequate rail performance. The 
overall rail capacity is also a function of the mean coolant temperature . 

Heat Pipe Augmented Cold Rail Summary 
20 inches 

(2) — 3/8", I.D. extended fin 

. 1 /2" diameter Spiral Artery Heat 
Pipe— Water fill 

200 W 

40 W/inch for 2" maximum 
40 to 90°P 


Length: 

Coolant Passages: 

Heat Pipe: 

Total load Capacity : 

Max Local Dissipation Density: 
Operating Temperature 
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HP RADIATOR FOR FUEL CELL (SPL-110) 


The fuel cells, as provided by the vendor, have an internally pumped 
fluid loop cocling system using FC-75 as tho coolant, which is connected 
through a heat exchanger interface to the user’s heat rejection system. 

An all heat pipe system for transporting the waste heat away from 
the exchanger to high- temperature radiators is discussed in Section 5-3, 
and the high- temperature radiator itself is described in Section 5-2. 

The total system is shown on sneet 1 of SPL-liO. Sheet 2 is a more 
detailed view of the fuel cell and heat exchanger arrangement. Hot FC-75 is 
pumped out of the fuel cell by on internal pump, through a servo valve, and 
then through a heat exchanger where the fluid is cooled by contact with the 
finned evaporator section of a heat pipe. The cooled FC-75 then returns to 
the fuel cell. 

Sheet 3 shows two sample approaches for design of the FC-75/heat pipe 
heat exchanger. The basic design concept encloses the heat pipe evaporator 
in a baffled chamber through which the hot FC-75 flows. 

The structure of the hoat exchanger on the left is like that of a 
conventional shell-and-tube heat exchanger with segmental baffles. In 
addition to causing the fluid to pass repeatedly over the heat pipe, the 
baffles, if brazed or welded to the pipe, would increase efficiency by acting 
as fins. 

An alternate approach, shown on the right of sheet 3, consists of a 
concentric arrangement of a heat pipe and a cylindrical manifold, with a 
spiral- like fin around the heat pipe. This fin wo” . act as an extended 
surface and, by making the FC-75 flow in a spiral about the heat pipe instead 
of along the tube in the axial direction, increase the length of the fluid 
path. Both effects tend to increase the amount of heat transferred. 

The choice of these or other configurations depends upon the us yet 
unanalyzed thermal performance of each of than, and the pressure drop in the 
FC-75 across each of them. 
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5-11 - AIR-BREATHING ENGINE COMPARTMENT - ON-OKBZT 

MINIMUM TEMPERATURE CONTROL (SPL-109) 

It is desirable to use as many currently existing engine components 
as possible in order to minimize cost. In order to do this, an acceptable 
non-operating environment must be provided during the applicable mission 
phases. Most engine components are designed to meet present MIL specs: 
when non-operational, they must be able to survive and hence must be kept 
within the - 65 °F to +l60°F temperature range. 

To estimate the required survival heat input, the heat loss by con- 
duction through the wall of the compartment at an assumed temperature of 
-20°F to the skin at -l80°F was calculated and found to be 300 watts per 
engine compartment. 

Heat from the fuel ceils and cabin area electronics is normally brought 
back to the radiator panels. Some of the heat that would have gone to the 
rear-most radiatoi panel could be used to heat radiator panels in the air- 
breathing engine compartment. 

Drawing SPL-109 shows a typical configuration for heat pipe radiators 
in this compartment. Three panels are shown for each compartment : one on 

the inboard wall, one above the engines (in the stowed position) and one 
below. The positions of these radiators relative to those of the stowed 
engines are shown in section B-B, sheet 1 of drawing SPL-109. 

Header D brings heat from the vertical header leading to the rear-most 
radiator panel, to header A, which supplies the engine compartment panels. 

It should be a diode pipe, to prevent heat from leaking back into the environ- 
mental control system during re-entry. If a 3/5 inc> i.D. Freon-21 heat pipe 
were used, it would have a capacity of more than a kilowatt, while its load 
would be only 300 watts, thus providing a suitable safety margin. 

Header A takes the heat from header D and distributes it to panels 1 
and 2. For parts of its length, it must carry 300 watts. A 1 inch I.D. 
Freon-21 heat pipe can be used; its capacity would be 543 watts. Header C 
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takes some of the heat load from A and carries it to header B, which 
feeds panel ?. Based on panel area, the load in both C and B would to 
86 watts. A one-half inch I.D. Freon-21 heat pipe can be used with a 
capacity of 250 watts for B and 427 watts for C. 

All feeder pipes could be made as I.D. Freon-21 heat pipes. 
Close on panels 1 and 3 would have capacities of 460 watts but need only 
be capable of carrying 17.2 watts. Those on panel 2 have capacities of 
400 or 425 watts, depending on condenser length; their maximum required 
capacity is 25.8 watts. These pipes are overdesigned and same additional 
effort can be extended to provide smaller lighter designs. 
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TABIE 5-11 - HEAT PIPE ROSTER - AIR BREATHING ENGINE COMPARTMENT 
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SECTION 6 
STUDY PIABS 

Early in the program study plans were formulated which outlined procedures 
for the hardware dovolopmtnt and test verification of promising heat pipe applications 
in three related areas: 

a Space Station 

* Space Shuttle 

9 Common Space Shut.tle/station applications one', space -radiators 

The purpose of the study plana are to provide a timely arid comprehensive assessment 
of the resources which would he required to effective^ demonstrate the most practic- 
able heat pipe systems* 

The following information ves provided fev each heat pipe application cited 
in the study plana in order to present a clear picture of what is to be done, 
why, and how to do it* 

o A description of ^each task proposed and the technical ajjproach to 
accomplish it 

© A scheduling chart with appropriate mannour estimates 

© The type and scope of analyses needed ior hardware design and performance 
verification 

© An estimate of the design work required to support manufacturing 

o The steps needed to manufacture the hardware 

# A raanuf act v Ting schedule 

e A detailed plan for verification testing of the HP hardware including * 
test setup, instrumentation, data acquisition, procedures, etc. 

© A test schedule 

9 A list of the facilities needed to analyze, manufacture and test the 
hardwaro 
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: study Plan 

Sp ace Station Heat Ploe Hardware Fabrication and Testing 

The primary inputs to this piau were the results of the Space Station thermal 
control concept study which Grumman recently completed (Reference V). It provided 
a wealth of well-understood, specific heat pipe applications .information which 
woo available for immediate evaluation. 

The following heat pipe systems for the Space Station were recommended 
for hardware development. 

1. A multiple heat pipe circuit to demonstrate operation of a system 
for transporting thermal loads from a number of sources to a single 
sink. 

2. A high-capacity heat pipe header to verify the operation of a "random" 
multiple input pips capable of transporting large loads over long ' 
lengths . 

3 . An air-to-heat pipe heat exchanger module capable of functioning in 
a life support system as a self-controlled atmospheric temperature 
regulator. 

Study Plan - Space Shuttle Heat Pipe Hardware Fabrication and Testing 

The following heat pipe systems for the Shuttle were recommended for 
liardware development. 

1. An avionics heat pipe circuit for transporting thermal loads from a 
number of equipment sources to either a pumped loop or heat pipe sink. 

2. A heat pipe/phase change material modular heat si a 00 demonstrate 
the operational feasibility of a self-sufficient modular thermal 
control system which could be used to regulate the temperature of 
remotely .located power dissipating equipment. 
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3* A heat pipe augmented cold rail capable of cooling high thermal 
load density electronics packages which cannot bo accommodated by 
conventional cold rail systems. 

4. A heat pipe radiator system for compartment temperature control. 

•}. An air-to-hcat pipe -to -fluid heat exchanger to control the thermal 
environment of air cooled electronics. 

Study Plan - Common Space Station/Shuttle Applications and Radiator Heat Pipe 
Hardware Fabrication and Testing 

This study plan concerned only heat pipe radiator applications which were 
found common to both the Space Station and Shuttle, since all of the major Space 
Station applications previously cited were also common to the Shuttle and need 
not be repeated. 

The study plan concentrated on the development of the components needed 
to construct a heat pipe radiator system for waste heat rejection. These 
components , which were detailed as separate tasks, consisted of the following 
Items . 

1. A flight weight variable conductance heat pipe header (VCHP) to serve 
as the distribution and control device for a heat, pipe radiator panel. 

2. A heat pipe/fluid header to enable a pumped loop heat transfer system 
to reject waste heat via a heat pipe radiator. 

3. A combined VCH? and fluid header which would pi .ide the required 
interface between a pumped loop and a heat pipe radiator as well as 
provide automatic load control and distribution. 

4. Simple heat pipes which can serve as load distribution elements 
(feeder heat pipes) on a radiator panel. 
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5. A heat pipe radiator panel to demonstrate the ijacibility 

of rejecting heat to space using heat pipes as the primary control 
and distributed elements . 
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CENERAL DESIGN CONCEPT 

A significant reduction in the number of different heat pi pcs 
required for the Shuttle is possible if a single or limited number of 
modular designs are developed. These standard modules could then be 
combined to satisfy the requirements of many applications. Two modular 
concepts are proposed: the self-contained modular design and the modular 

sub-assembly design. 

In the self-contained modular design, the heat pipe building blocks 
ore single closed units capable of independent operation. Multiple 
modular units are used when performance in excess of a single unit's capa- 
bility is needed, These modules are placed in parallel for larger capacities 
and in series where long lengths are required. 

In the modular sub-assembly design, heat pipes' are configured by 
combining standard lengths of major subassemblies. The basic subassemblies 
are the pipe tube, wick, reservoir, low-k section, mitered Joint and flexible- 
joint. These pieces are Joined together to create the desired heat pipe 
configuration . 

For either concept to be used in any Shuttle location without restric- 
tion, it is also necessary that they function satisfactorily with at least 
two working fluids. This allows the same heat pipe hardware to be used both 
inside the pressure shell, where low toxicity is important, ana outside, 
where thermal transport properties might be paramount. Tnus, a standardized 
wick compatible with either modular scheme and operating with either of two 
working fluids is central to a truly general desi^ concept. 

Table 7-1 categorizes the heat pipe requirements for all 11 of the 
candidate Shuttle KP applications of section 5 of this report. They ore 
classified, in order, according to general shape, pipe T.D., evaporator 
length, condenser length and transport length. The number of pipes arid 
application reference are also indicated. By reviewing this listing any 
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TABLE 7-1 

HEAT PIPE ROSTER (EY SHAPE) 


ieat Pipes Shaped Like: j. j 








Y ! 



X, Y Sections 

threaded 



1 

▼ 

< x • 






)r awing Number 

Heat Pipe 

: Name 

X 

Y Pipe ID 

Fluid 

# Required 

3PL-101 

Radiator Feeder 

5.75' 

1 77" . 

0.5" 

NH3 or F-21 212 

5PL-io:; 

V.lieel Nell Header 

18" 

60" 

0.5 

or F-21 4 

3PL-103 

Wheel Nell 

Feeder 

9.8" 

24" 

o.5 r 

NKo or F-21 24 

3PL-105* 

Finned Heat Pipe 

3.?" 

2C" 

0.5" 

ll 2° 

4/unit 

3FL-109 

Header A 


4' 

18 * 

1" 

F-21 

2 

2PL-109 

Header B 


4.5’ 

13* 

0.5" 

F-21 

2 

3PL-109 

Header C 


4' 

5' 

0*5" 

F-21 

2 

3PL-109 

Header D 


4 5 

4' 

0.75" 

F-21 

2 

:>?l -109 

Panel 1/3 Feeder 

3C" 

54" 

0.5" 

F-21 

20 

3PL-109 

Short Panel 2 Feeder. 

30" 

62" 

0.5" 

F-21 

6 

SPL-109 

Long Panel 

2 Feeder 

30" 

72" 

0.5" 

F-21 

4 

^Modified - large number of fins added to evaporator* 



Heat Pipes Shaped Like : 

j-c - x > 

•|-< - 

Y H •«-- - ; 

z 

x, 

, Z Threaded. 







Y 

Unthreaded 

Drawing Number 

Meat Pipe Name 

X 

Y Z 

Pipe ID Fluid 

if Required 

sPL-102 

Basie Member (Let ) 

48" 

62.5" 48" 

1.0" 

NH 3 

6 

sPL-102 

Basic Member(cold) 

48" 

96" 48" 

1.0" 

NH3 

12 

SPL-102 

Terminal 

Member (cold) 

46" 

51.6" 48 

1.0" 

NFo 

2 




Y 

1 




Heat Pipes Shaped Idke: 


A 

... 

Y 






"t x 

06C uioL <r 

ireao.ea 






r y 

Section Unthreaded 

Drawing Number 

Heat Pine Name 

X 

z 

Pipe ID 

Fluid 

// Required 

SPL-102 

Crossover Unit (hot) 

48" 

48" 

1.0" 

nh 3 

2 

SPL-102 

Crossover Unit (cold) 

48" 

24" 

1.0" 

Nth 

2 

SPL-113 

Radiator Header 

6.4" 

2" 

1.0" 

NH3 

. 10 
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Heat Pipe 3 Shaped Like: 


TABIE 7-1 (Continued) 



Drawing Number H eat Pipe Kaco 




r Y 


SPL-113 Radiator Header 


79° 96" 2" 


Pipe ID Flui d 
1.0" NH 3 


Note: Radiator headers of this type and those mentioned immediately above are 

alternate systems; only one would be used* 


\ 
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heat pips designs common to one or more applications are plainly anpar-ent. 

After careful examination, it was determined that self-contained 
modular heat pipes would not satisfy enough applications to warrant further 
serious consideration as a design approach. There are four basic configura- 
tions, each with significantly different requirements for its evaporator, 
transport and condenser sections - a total of 17 different sizes. Satis- 
fying the requirements of these varied applications with self-contained 
modules would mean many series/parallel circuits with many pipe to pipe 
conductive attachments. This would result in heat pipe installations which 
arc inherently heavier and less efficient (large temperature drops) than 
customized designs. Appendix, B-l contains several examples of the heat pipe 
joining techniques which were investigated. 

While the self-contained modular approach is not feasible, the modular 
subassembly approach presents a compromise between modular and custom designs. 
It offers sane of the savings intrinsic in a modular design without weight 
and performance penalties. Table 7-2 describes the basic modular sub- 
assemblies that can be used to satisfy the assorted requirements of the 
Shuttle HP applications. They can be machined and fabricated in large lots 
beforehand, drawn from stocK, cut to length, and assembled when required. 

The modular subassembly concepts offers manufacturing, assembly, scheduling, 
maintainability and reliability advantages over customized designs. 

In addition to the outer shell of the heat pipe, modular wicks can be 
established for relatively efficient performance with two working fluids. 

The fir.it step in .the process of choosing such wicks must be to determine 
which fluids are to be used. 

Because it is non-toxic, the working fluid of e- ce for heat pipes 
inside the pressure shell is water. Outside this area, ammonia appears to 
be the .best working fluid because of its high transport capacity. Neither 
fluid is suitable for use as a back-up fcr the other, as regions outside the 
pressure shell can attain temperatures below the freezing point of water, and 
ammonia, being extremely toxic, should nou be used in a life-supporting area' 
of a spacecraft. Further, each fluid is incompatible with the materials 
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Heat Pipes of Table .1 could be made of the following 
subassemblies : 


One-inch ID: 


Three-Quarter Inch ID: 


Threaded Lengths 

50 - 48" 

20 - 77" 

2 - 216" 


4 - 48" 


Unthreaded (transport ) 

10 - 2 " 

. 2.- 24" 

2 - 48" 

2 - 51 . 6 " 

6 - 62.5" 

12 - 96" 


One -Half Inch ID : 212 - 5.75" 

24 - 9.8" 
4 - 18" 
24 - 24" 
30 - 30" 

2 - 48" 

22 - 54" 

6 - 60 " 

6 - 62 " 

4 - 72" 
212 - 77" 

2 - 156" 


♦Neglecting the finned heat pipe of SPL-105 and the curved heat pipe header of 
SPL-113. 


rt bends 

30 


2 

274 
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usually used to construct heat pipes for the other: water reacts unfavorably 

with aluminum and stainless steel, ana ammonia with monel and copper. 

Freon-21 can be used as a back-up fluid for both water arid ammonia 
because of its low freezing point and because it is relatively non-toxic. 

It presents no materials compatibility problems with monel, aluminum, copper or 
stainless steel. Table 7-3 summarizes the compatibility problems resulting 
from using one working fluid in a wick which has been designed for another. 

Due to the compatibility problem, there can be no one multi-fluid wick 
used on the shuttle with these fluids, and two separate two- fluid wicks mu3t 
be manufactured. Since it is necessary to make two separate wlckc, it is 
more efficient to maximize performance of the wick for tho two fluids involved 
than to try to produce one wick design which could be produced of two dif- 
ferent materials arid used by all three fluids . 

Outside the pressure shell, the wicks developed for Freon-21 can be 
used for beth ammonia and Freon. Analytical studies show that annnoniu, when 
used In a heat pipe with these wicks, shows little loss of transport capacity 
cctapured to its performance in its own wicks (see Figure 7-1.) . 

Inside the pressure shell, wicks similar to those developed for water, 
but with a small enough gap spacing to allow a Freon-21 - filled heat pipe- 
to self -prime under a one-g gravity field may be used without severe per- 
formance penalty (see Figure 7-2). 

CONCLUSIONS 

If it Is desired to use a design employing two-fluid hout pipes, the 
use of two different wicks is recommended: one which permits the use of 

water or Freon-21 Inside the pressure shell, and one v .h allows the use 
of ammonia or Freon -21 outside. 

Of the two general design concepts which were evaluated, the modular 
subassembly approach is recommended over the self-contained modular design. 

The latter is heavier and less thermally efficient than customized designs, 
while the modular subassembly concept gives heat pipe systems nearly as 

efficient as the customized systems and with improved fabricubility . 
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YABLE 7-3 

HEAT PIPE WORKING PIU.TD/WICK DESIGN i:rTERCHANGEADIIIT v 



Inside Pressure She 

11 

Outside 

Pressure Shell 

Fluid 

Water Wick 


F-21 Wick 

Water Wick. 

mmm 

F-21 Wick 

Water 

X 

No^ 

No^ 1 ^ 

No^ 

No^ 

No' 2 ' 

Ammonia 

No^ 

No^ 

No^ 3 ^ 

X 

X 

X 

Freon-21 

No^ 

No^> 

X 

..,(4) 
1)10 ' 

K 0 < *>) 

X 


STANDARD HEAT PIPE MATERIALS { 

Fluid 

mi 

Wick 

Water 

Monel, Copper 

Monel, Copper 

Ammonia 

Aluminum 
Stainless Steel 

Stainless Steel 

Freon-21 

Aluminum 
Stainless Steel 

Stainless Steel 


X - Working fluid/wick design gives acceptable performance. 

(1) - Materials incompatibility 

(2) - Freezing problem 

(3) - Toxicity problem 

(4) - Doesn't self-prime 
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Before actually using a general heat pipe design concept for the 
Shuttle, the basic question of its practicality must be raised. The \ . e 
of the modular heat, pine designs becomes competitive with customized systems 
only when an extensive commitment to heat pipe systems over baseline systems 
has been made. Certainly, it would make little sense to manufacture standard 
sub- assemblies beforehand if there are only one or two realistic heat pipe 
applications contemplated* For a limited number of heat pipe systems there 
is no alternative to using customized designs. 

If there are enough heat pipe applications to make the use of modular 
subassemblies practical, the following subasseiublies would be manufactured 
using the appropriate materials: 

a 11 ; 3/4", and l 1 ' ID threaded sections in 12* lengths 
1" unthreaded sections in 1 2* lengths 

3/4”, and 1 M ID mitered right angle joints 
' 2 *- 1 * , 3/4 ' , and 1” Freon wicks (for external Frecn and ammonia pipes) 

2 " and 1" compromise wicks (for internal water and Freon pipes) 
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SECTION 8 
FINAL EVALUATION 


The feasible Shuttle heat pipe applications have been identified and 
categorised in section 4 of this report as prime contenders (11 ), possible 
contenders (5) and rejectr (11). Thio section establishes a logical evaluation 
procedure to choose the most promising applications (at least six) for detailed 
design and analysis. The selection io based on how well they compare with their 
counterpart baseline thermal control systems. In other words, the highest ranking 
applications are those most likely to be implemented on the Shuttle - and these 
are the onesthat pr lent the most improvement over corresponding baseline systems. 

The comparisons are made on the basis of performance, weight and safety 
as gauged by six criteria: temperature gradient, capacity margin, power requirement, 
control requirement, weight and safety. These parameters were ehosen because 
they are meaningful measures which can be readily defined and understood on an 
objective basis. Some obvious parameters such as cost, maintainability, reliability, 
development risk, and durability are only evaluated on a secondary basis since there 
is not enough factual data to make an unbiased comparison between heat pipe and 
baseline systems. This keeps subjectivity in the initial definition stcges of the 
evaluation to a minimum. 


RATING COMPARED TO BASELINE 


CRITERIA 

WORSE THAN 

BETTER THAN 

COMMENTS 

1. Temperature Gradient 

2. Capacity Margin 

3. Power Requirement 

4 . Control Requirement 

5. Weight 

6 . Safety 



■ 


Figure 8-1 - Evaluation Matrix 
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The basic evaluation procedure io a better than/worse th an comparison 
with the baseline oyot-ora for each of the six criteria. Figure 8-1 chows the 
evaluation mitrix used. Definitions of the parameters arc listed below r 

1. Temperature Gradient - Adverse temperature differences which exist 
in a system du** to thermal inefficiencies in the heat transport 
mechanism. Those temperature losses can occur within a heat transfer 
element (c.g. heat pipe, fluid line) or across a required attachment 
interface (e.g., tubc-caddle). The more thermally efficient design 
can transfer the required amount of heat from one point to another. with 
the s mall er resulting temperature drop. This impacts the overall design 
by requiring smaller capacity sinks, in terms of area and weight, to 
reject the specified heat load. 

2. Capacity Margin - The usable heat transport capacity which is available 
in a system above the design requirement. It can be used to accommodate 
jPuture increase in heat load or to afford a measure of redundancy jn a 
heat tranopoi’t system with dual transfer paths. 

3 * rower Requirement - The amount of electrical power required to operate 
the heat transport device; it includes power for control systems. 

4. Control Requirement - Is on active control device (e.g., heater, valve) 
required for proper operation of the system? The preferred system 
is seLC-controlling needing no supplemental devices. 

✓ ♦ Weig ht - The total weight of the heat transport device including its 
basic components and any special attachments, fittings and control 
elements • 

6. Safet y - Freedom from chance of injury or loss to personnel and equipment. 

The evaluation of "safety” io quantified by using a scoring matrix similar to 
that used for the Gafety criteria of Reference 5. As shown in Table 8-1 the 
factors comprising safety arc assigned scores of 0, 1 or 2 - the highest score 
indicating the moot desirable situation. The system with the highest cumulative 
score for the four factors io considered the safest. . 
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FACTORS 


Score 

Inflammable 

Materi'*lo 

Toxic 

Materials 

High-Prescure 

Fluids 

Potential 

H&ii'vrdG 

2 

None 

None 

None 

None 

1 

External* 

External 

External 

External 

0 

Internal* 

Internal 

Internal 

Internal 


*vith respect to the xn-ecsure shell 


TABLE 8-1 SCORING OF SAIEIY FACTORS 

For puri)ooo3 of tide safety evaluation, high pressure fluids arc defined, as 
fluids operating at pressures greater than 100 paia. Potential hazards are 
those situations or hardware to which exposure for periods greater than one 
hour could cause death or injury* This category also includes substances which 
are themselves not dangerous hut which could react with other substances and 
either be hazardous or cause further reactions such as 'corrosion. 

This tyre of evaluation assumes that all criteria are equally important, 
i.e., they have equal weights. The procedure can be made more discriminating 
by assigning relative weights to the evaluating parameters as in Reference 5* 
However, tills would be of limited value considering the level of detail in this 
preliminary evaluation. Tills effort is regarded as a filtering process to 
reduce the number of application for detailed design to a manageable level. 

The individual and collective engineering Judgment of the Grumman evaluating 
team was used to evaluate each of the prime contenders according to the criteria 
and rating sheets. The completed evaluation sheets ore contained in Appendix C-l. 
The best possible score for a given application is six ’'better than" ratings - 
one for each of the evaluation criterion. The worst possible score is six 
"worse than" ratings when compered to the baseline syBtera. 
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To help determine the relative worth of each application a simple 
uantitative rating system was established. A (-1) weighting factor was 
s signed to the "worse t’.ian" category and a (+l) weighting factor to the 
better than" category. Criteria which were considered to he the same as the 
aseline, i.o., neither clearly worse than nor better than, had a zero weighting 
actor. Tlio cumulative numerical rating for an application was determined by 
dding the weighted scores for the six criteria making up the complete evaluation 
heet. The moot desirable applications would be those with the highest positive 
umulative score - the ones offering the mo3t benefits and least disadvantages 
hen compared to their corresponding baseline systems. Table 8-2 contains a 
ummary of the evaluation sheets for the contending applications along with their 
et numerical ratings . The liighcst rated application scored +4 and there were 
even of them. One scored +3; two +2, and one zero. 

Since many of the applications were similar in that they used a heat pipe 
adiator, it was decided to consider six generic heat pipe application categories 
or the detailed design aid analysis tusk. Thus, the landing gear wheel wells 
ection (5-2) and air breathing engine compartment Section (5-U) were considered 
art of the heat pipe radiator, compartment temperature control category. In the 
e fashion applications 5-7, 5-8 and 5 “10 were considered heat pipe radiators 
or waste heat rejection. Table 8-3 summarizes the six generic categories which 
esulted. The advantages and disadvantages of both the accepted and rejected 
pplications are discussed below: 

ACCEPTED APPLICATION-, : 

5-2/5-11 - Peat Pipe Radiator, Compartment Temperature Control 

Both of these applications involve on-orbit temperature control of 
structural compartments . The baseline system uses Freon-21 (F-21) radiator 
panels and the HP system uses F-21 heat pipes. Thermal gradients in both 
systems are about the same since they both employ brazed tube-to-sheet 
Joints. The heat pipe panels are capable of rejecting more heat to the 
compartment, if required, since the feeder pipes have excess capacity. The 
heat pipe system i3 self -controlling due to the built-in diode which prevents 
heat transfer to the ECS loop when the temperatures of the compartment are 
higher than the source temperature e.g., during entry. 
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Also, the heat pipe radiator panel can continue to function even 
if several of its panel heat pipes have been accidentally punctured. This 
is not the case with the conventional, fluid radiator where at worst, the 
entire ECS loop can be drained of fluid, and at test, it requires involved 
leak detection systems with shut-off controls. 

f— 7/5-8/5-10 - PiP° Radiator. Waste Heat Rejection 

Several variations to the basic heat pipe radiator panel will be 
investigated to determine the most viable BP radiator system. They will 
involve three different supply header configurations: 

1. A VCEP header coupled to an all heat pipe transport loop. 

2. A hybrid VCHP/Fluid header serving as a heat exchanger interface 
between the heat pipe radiator panel and a fluid heat transport 
loop. 

3. A fluid supply header coupled directly tc the individual feeder 
heat pipes on the panel* 

These systems will show various degrees of self -regulation, depending on the 
utilization of the VCBP. All of the EP radiator systems will eliminate flow 
splits end flow balancing problems and provide a high degree of reliability 
by minimizing the effect of single point failures. 

5-3a - Heat Pipe Circuit 

The heat pipe circuit consists of avionics equipment racks utilizing all 
heat pipe cold rails which are then manifolded to a heat pipe header. The 
heat pipe header is coupled to the main ECS fluid header of the heat transport 

system. The heat pipe provides greater cooling capacity than the cold rails 

< 

both on a power density and total load per rail basis. Since the pipee are 
isothermal they provide flexibility for box relocation within the circuit. 

In addition to the twin benefits of capacity and flexibility, the problems 
associated with flow balancing and punning losses in the fluid rails are 
eliminated. The absence of fluid connections at the rails also minimizes 
fluid leaks and possible equipment contamination. 
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5-4 - Seat Pipe Augmented Cold Ball 

The heat pipe augmented cold rail enables present fluid cold roil 
configurations to he used with the current generation of high power density 
avionics. Standard fluid cold rails, which are adequate for other types 
of Shuttle equipment, cannot handle the higher power densities of the power 
conditioning *r.a distribution electronics . Without heat pipe augmentation, 
the previous generation electronics would have to he substituted for the 
newer and more compact equipment. This would result in heavier avionics and 
fewer components mounted per rail. More cold rail would he required, resulting 
in increased weight and flow pressure losses. 

5-5 - Flight Data and Voice Recorder - Modular Heat Sink 

Temperature control of the remotely located (vertical fin) flight and 
voice recorders would he provided by a self contained system which couples 
these remote heat sources to a structural cr phase change heat sink, as 
required. During most phases b^at would normally he transferred to structure. 
During times of high structural temperatures the pipes would self -regulate, 
minimizing thermal feedback fn structure while utilizing the phase change 
sink for adequate equipment coo .ng. This type of a thermal control system 
is self-regulating, requires no jumping power and eliminates long runs of 
fluid coolant line which would a needed in the baseline system. The absence 
of fluid connections also les' ns that chance of leakage and equipment con- 
tamination . 

- Air-Cooled EquiTmen -'. 

The air cooling requirements of "off-the-shelf" available commerical 
and military electronics can be satisfied, without modification, by using 
a heat pipe-to-air heat exchanger in conjunction with an air circulating 
enclosure within which the equipment is mounted. The heat load picked 
up by the heat pipes is transferred to the main header of the heat transport 
system. Heat pipes are more attractive than a straight fluid-to-air heat 
exchanger because they do not require any fluid connections near the equipment, 
thereby decreasing the chance of fluid leakage and equipment contamination. 
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This would also eliminate the elaborate fluid loop fill and purge 
procedures that vould have been neceseary whenever these fluid couplings 
were disconnected. 

Rejected Applications 
5*1 - Leading Edge TBS 

The application of heat pipes of the leading edge TPS would require 
extensive development effort in the area of heat pipe to carbon/carbon 
bonding. The alternate scheme, where the heat pipe envelop is of 
carbon/carbon and formed an part of the leading edge structure, would also 
require development to solve heat pipe end capping problems. 

This application is not state-of-the-art. While the necessary 
heat pipe technology exists, using it in an area which itself is still 
under development would be a very questionable commitment of Shuttle 
resources . 

A successful carbon/carbon development program would eliminate the 
need for high temperature heat pipeB in tide area. If leading edges 
capable cf withstanding a 3500®F radiator equilibrium temperature for 100 
missions are producible, standing a 3500°F radiation equilibrium temperature 
for 100 missions are producible, it would obviate the need for reducing 
the leading edge temperature ( ~ 3100° F max) to lower levels more conducive 
to multi-mission use. Since the Shuttle TPS design must be failsafe in any 
case, using supplementary heat pipes represents an unnecessary weight pe nal ty , 
This runs contrary to the minimum risk, low cost philbsophy which is prevalent 
in current Shuttle concepts. 

5-3 - Heat Tra n sport System 

The complete heat pipe heat transport oystera is an all , heat pipe 
system which transfers heat from internal equipment sources to a heat pipe 
radiator sink. On the Shuttle, this means transport lengths on the order 
of 100 feet requiring many heat pipe couplings and splices. The excessive 
transport lengths and the great number of heat pipe interfaces presently 
result in large temperature drops which would demand increased radiator 
area (above the baseline requirements) to reject the same heat loads at 

the new lower temperature levels . 
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5-4 - Heat Pipe /Phase Change Remote Sink 

The cyclic heat leads from a remotely located source are transferred, 
via heat pipes, to a phase change material. When the equipment is off, 
the liquified phase change material is allowed to solidify by rejecting 
its heat to local structure. Although this is a feasible system, no specific 
applications areas have been found on the Shuttle at this time. It is ex- 
pected that applications will arise as more shuttle definition becomes 
available. A similar scheme for thermal control of the flight data/voiee 
recorders is covered in application 5 - 5 . 

The accepted selections are considered reasonable from the standpoint of 
fall engineering feasibility. They were approved by NASA, with the request 
i. work on the waste heat rejection radiator be suspended, since such studies 
Id be advanced under a separate effort. The analysis of the radiator done 
this point is presented in Appendix C-2. 

The remaining five applications underwent detailed design and analysis 
lies, and drawings were prepared in sufficient detail to permit fabrication 
ill five. Based in the information made available in these studies, three 
Li cations were recommended for development and testing of prototype hardware. 
r were: the heat pipe augmented cold rail, the heat pipe circuit, and the 
alar heat sink. These three were chosen based on the tangible benefits 
{ offer and the likelihood that they might be implemented on the shuttle 
Lter after successful demonstration testing. 

The following sections of this report present the detailed designs and 
LyBes, featuring design drawings, specifications, and thermal performance 
iictions, for the five selected applications. 
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TABLE 8-2 - SHUTTLE HEAT PIPE APPLICATION - SUMMARY 


Compared to Baseline 

Application Woree Than Better Than Same 

“1 +X 0 Net Rating 


TPS leading Edge 

lauding Gear Co.Tmajrtmenta 

HP Heat Transport; System 

Avionics HP Circuit 

llp/Phaoe Change F;emote Sink 

Air-cooled (ATR) Equipment 

Flight tc Voice Recorder 

HP Radiator with HP Header 

HP Radiator vith .SP/Fluid 
Header 

HP Augmented Cold Rail 

HP Radiator for Fuel Celia 

UP Radiator for til'Z Comp art - 
ntr.it 


1 2 3 

4 2 

3 3 

4 2 

2 4 

2 4 ' 

3 3 

4 2 

4 2 

4 2 

4 2 

4 2 


+1 

44 

0 

44 

+2 

4-2 

+3 

+4 

44 

44 

44 

44 
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TABLE 8-3 - SHUTTIE TEAT PIPE APPLICATIONS FOR DgEAIIftD 
DESIGN AND ANALYSIS 


Heat Pipe Radiator, 

5-2 - Landing gear wheel 

+4 

Compartment, Teuspera- 

wells 


ture Control 

5-11 - Air breathing engine 
compartment 

+4 

Heat Pipe Radiator, 

5-7 - EP Radiator with HP 

+4 

Waste Heat Rejection 

header 


5-8 - HP Radiator with HP/ 

+4 


Fluid header 


5-10 - HP Radiator for Fuel 

+4 


Cells 

Heat Pipe Circuit 

5-3n - Avionics heat pipe 

44 

circuit 

Heat Pipe Augmented Cold 

5-9 - Heat pipe augmented 

■*4 

Rail 

cold rail 

Modular Heat Sink 

5-6 - Flight Data & Voice 

+3 


Recorders 

Air Cooled Equipment 

5-5 - ATR Equipment 

42 


♦Maximum rating is ■*£ 
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SECTION 9 

■ DETAILED DESIGN AND ANALYSIS 

The f o.l loving sections contain the detailed deeigns and analyses of the 
five selected heat pipe applications: 

* Heat Pipe Augmented Cold Rail 

* Avionics Heat Pipe Circuit 

* Heat Fipe/Fhase Change Material Modular Sink 

* Air-to-Heat Pipe Heat Exchanger 

* Heat Pipe Radiating Panel for Compartment Teraperatm'e Control 

Each section is structured as follows: 

* Introduction 

* Analysic-contains supporting analysis including system requirements, 

assumptions, thermal models, and performance predictions 

* Design-contaj ns detailed description and design drawings including 

necessary specifications 

° Baseline-includes comparison with baseline thermal control systems, 
if applicable 

* Test Plans -contains test plans and procedures for development of 

prototype hardware (first three applications only) 

* Conclusions 
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SECTION 9-1 

HEAT PIPE AUGMENTED COLD RAIL 


9-1.1 INTRODUCTION 

The rack concept for ECS loop cooling of electronic equipment was 
employed in the Apollo program. Equipment to be cooled is packaged in 
module boxes with flanges on two opposing sides, and the flanges Eire bolted 
to the rack's structural rails which are internally cooled by pumping cold 
fluid through two passages in the "cold" rail. The present system has added 
a heat pipe to the center of each cold rail to isothermalize the rail and 
thereby make the system capable of accepting the high watt densities imposed 
by thin module boxes dissipating large amounts of heat. 

The basic configuration of the rail, as shown in Di'awing SPL-10U, is 
suggested by reference 6. The rail contains two fluid passages, both of 
which (for high power density equipment mounting) ere assumed to be active. 
Redundancy requirements would be met by installing duplicate equipment 
racks . 

The rail itself would be made of 6101 aluminum alloy, chosen for its 
reasonable strength and high thermal conductivity. The heat pipe in the 
rail center has water as a working fluid (to satisfy safety requirements for 
location inside the pressure shell), and has on envelope of copper or monel. 
Although GAC nas had good results in compatibility tests using these materials 
with water, the use of a non-toxic Freon* would be possible if problems were 
to develop. 

9-1.2 ANALYSIS 

At an early stage in the analysis, it became evident that a flange 
thickness of 0.125 inches would be inadequate to maintain the temperature 
drop between the box flange and the cold rail at an acceptable level for 
high power density equipment. (See Appendix D-l) 


*Freon-ll4 and Freon-12, in Underwriters Laboratories Report MH-2375, were 
classed in toxicity group 6. Toxicity group 6 contains those "... gases or 
vapors which in concentrations up to at least about 20 per cent by volume for 
durations of exposure of the order of 2 hours do not appear to 
prMuce injury." 


9-3 


To eliminate this problem, a thicker cold rail flange (0.25 inches) 
is used at those sites where high power density equipment modules could be 
mounted . 


As the system to be modelled involved fluid flow and heat pipe operation, 
steady-state temperatures were determined by allowing a transient model to 
reach equilibrium rather than by adapting a steady-state method to the system. 

The Abbreviated General Thermal Analysis Program described in 
reference 7 ^as used. It is a typical lumped parameter approximation, finite 
difference iterative heat transfer program. Heat pipe operation and fluid 
flow are modelled by inserting a subroutine tc be executed prior to each net- 
work iteration. The subroutine used is listed in Appendix D-2. 

The first half of this subroutine simulates the operation of a heat 
pipe by assuming that the heat pipe vapor temperature is constant along the 
heat pipe, and that it can be considered a fixed temperature within each 
iteration. The vapor temperature required for steady-state equilibrium with 
the surrounding nodes is calculated and substituted for that used in the 
previous iteration. If the new heat pipe temperature indicates that, in 
relation to an adjacent temperature node, a region of the heat pipe acting 
as an evaporator is now acting as a condenser or vice versa, the appropriate 
conductance (corresponding to the film coefficient) is changed and a new 
steady-state temperature is calculated. 


The fluid modelling system is taken directly from reference 8. A 
diagram of a typ :al section of fluid is shown in Figure 9-1.1. 
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FIGURE 9-1.1 FLUID FLOW NETWORK 
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The outlet temperature, which is the inlet temperature for the next 
section, is defined by 


T 

out 


2 T 


avg 


- T 


in 


A nodal analysis of the above network gives 


2 v c (T. . T ) + hA (T - T ) = 0 

p in avg 7 v wall avg' 

and, after manipulation, 

” 'p ' T out - V ■ “ - *** * T ° Ut ) 

a steady state representation of the fluid node. The second half of the 
subroutine defines and calculates the needed fluid temperatures. 

For thermal modelling purposes, the rail, 21.6 inches long, was 
broken into 12 sections 1.8 inches in length. Locations of nodes and 
conductances in a typical cross-section are shown in Figure 9-1.2. Heat 
conduction along the rail was included by defining conductances between the 
four nodes shown within the cold rail and the corresponding nodes in 
adjacent sections. 

In order to check the validity of the conductances assigned in 
'Figure 9-1.2, two finer networks were constructed, one detailing the box 
to cold rail flange root conductance at one station (46 nodes), and the 
other conductances between rail flanges, fluid passages, end the heat pipe 
at one station of the rail (44 nodes).- Both agreed with the results of the 
larger model which included all stations of the entire rail. 


The analytical case studied ircludes a typical high power density 
module, j.,e,, the power switch module, 1.8 inches wide end generating 140 
thermal watts (reference 6), mounted on the cold rail. Both sides of the 
rest of the rail were loaded to several watt-density levels. 






FIGURE 9-1.2 CROSS SECTION OF COLD RAIL THERMAL MODEL 

Flow rates were established using the Apollo-type limitation of 
4 watts per pound of coolant per hour. This flow was divided evenly 
between the two 3/8 inch diameter passages in the rail which include 
Iytron-type internal fins. Film coefficient data for such tubes containing 
60/ hO glycol/water mixtures was obtained., and corrected by means of the 
Sieder-Tate Relation (See Appendix D-3) to account for the use of distilled 
water, which is the shuttle baseline coolant. 

Grumman has recorded film coefficients for water heat pipe evaporators 
in excess of 3,000 Btu/hr-ft^-°F , so comparatively conservative values of 
2,000 and 2,500 were used for heat pipe evaporators and condensers, 
respectively. 

Studies using the thermal model described on the previous pages 
produced the following conclusions: 

l) The heat pipe operates by isothemalizing the cold ra..l, thus 
lowering rail temperatures at high watt density equipment 
mounting sites; 
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2) the power switch module of reference 6, dissipating 70 
watts per side, may be rnounted on the proposed he,, b pipe 
augmented cold rail. In addition, other equipment with an 
average power dissipation of 0.83 watts per inch may be 
mounted at all the other locations of the rail; 

3) the power switch module cannot be mounted on a conventional 
cold rail since the latter cannot remove enough heat to 
prevent the module box temperature from rising above l40°F; 

4) a^l equipment mounting sites on the heat pipe augmented cold 
rail are equivalent. Unlike the conventional rail, there 
are no thermal advantages or disadvantages to mounting equip- 
ment at the fluid "upstream" or "downstream" end of the rail. 

figure 9-1*3 bears out the first three conclusions. This figure 
shows the temperature distribution within the cold rail, with and without’ 
the heat pipe operational, with a 70 watt source mounted on one side of 
the rail at station 3 and 1.5 watt sources at the other 23 mounting sites. 

As employed here, the heat pipe lowers the peak flange temperature by 22°F, 
which lowers the temperature of the attached module box by the same amount. 

The curve showing temperature distribution with the heat pipe 
operational indicates that the box flange root temperature will not exceed 
l40°F with the imposed loading, and is therefore a thermally acceptable 
configuration, with a total load on the rail of 104.5 watts. The curve 
showing temperature distribution without the heat pipe indicates a box 
flange roo J temperature of the high power density module of l62°F, an 
unacceptable level. 

In an effort to determine the high power density capability of the 
rail without the heat pipe, the cold rail model was themi run with no thermal 
loads other than the 70 watt source at station 3* The box flange root 
temperature dropped only 3°F to 159°F, still unacceptably high. The power 
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owitch module of reference 6 cannot e mounted on a standard cold rail. 

Figure 9-1.4 shows the temperature distribution in the augmented 
rail with the same thermal input used in Figure 9-1.3, but with the high 
density source moved to station 10 at the fluid downstream end of the 
cold rail. The flange root temperature of the module box is at l40°F, 
the some flange root temperature level obtained when the box was mounted 
ups tream. 

DESIGN 

The detailed design, including design specifications, is shown in 
Drawing SPL-104. Detailed weights are given in Table 9-1-1. 

The rail is made of an extrusion of 6101- T6 aluminum alloy (chosen 
for its high thermal conductivity), whose dimensions are defined in a detail 
of drawing SPL-104, and shall be manufactured in accordance with materials 
specification QQ-A-200/8. The costs of having such an extrusion made include 
a dio making charge of $1500, a set up charge of $200, and an extrusion cost 
of $2 per foot. 

The tops of the rail flanges, as shown in detail A, will be finished 
to a 64 micro- inch RMS surface to enhance thermal contact with the eq'iipment. 
At those sites where high power density modules will not be mounted, the 
flanges (as shown in the extrusion detail) will be machined down (from the 
bottom) to .125 inches, in order to minimize weight. Plate nut fittings are 
used at the mounting sites for box attachment. 

As shown in section C-C, the fluid passages will be internally finned 
(to increase heat transfer into the fluid) using Ijrtron-type radial fins 
around an internal tube of .156 inch diameter. Gamah couplings will be 
welded or swaged to short tubes which will then be inserted and welded into 
the entrances and exists of the fluid passages in the cold rail to provide 
a maintainable loop coupling. 
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The heat pipe shown has an envelope of 0.5 inch O.D. nominal 
lOl(OFHC) copper tubing (ASTM Specification 86G. 75.280) or 0.5 inch O.D. 
Monel Alloy 400 tubing (MIIr-T- 1363 ) , internally threaded to 100 threads/ 
inch. These materials were chosen to eliminate potential gas generation 
problems with distilled water. This tubing will be installed within the 
cold rail by reaming the extruded hole to allow for a push fit for the 
full length (31.6 inches) plus a trim allowance. The rail/tube interface 
will be bonded with silver-filled Hysol epoxy K6-4232 (Grumman instructions 
for application of Hysol specified in SD 252-1-73 from 0A0 program) to 
increase heat transfer across the interface. This cy lin drical interface 
will b* 3 sealed at both ends to prevent exposure to air by applying sealant 
GSS-.4j.00 (ML-S-7502). 

The structure and orientation of the wick are shown in section C-C. 
It will be supported by four retainer legs whose orientation must be in 
the direction specified in this cross-section to fccilitate vapor flov/ 
between the heat pipe wall section nearest the cold rail flange and the 
wall section nearest the fluid passage. 

The calculated capacity of such a heat pipe, with the hollow core 
unprimed and a 10- inch evaporator and 10-inch condenser section is 310 
watts. If the core is primed (filled wittt working fluid), the capacity 
is 570 watts. Comparable watt-inch figures have been achieved in tests 
at Grumman using water heat pipes. 

Grumman tests have shown that a heat pipe using distilled water as 
a working fluid can be made of copper screen and tubing and coated with 
Ebonol C to increase the wetting properties of water. This design al- 
ternative may prove superior to an all-monel heat pipe due to manufacturing 
considerations. 

typical a:odule equipment racks based on reference 6 are shown on the 
drawing. Contlguration A shows typical load control center components 
mounted on an avionics equipment rack employing heat pipe augmented cold 
rails, and configuration "B" shows typical power conditioning components 
mounted on a similar rack. 
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Module (and rails) are to be prepared for mounting by applying 
silicone grease (Dow Corning 3^0) to the flange surfaces to be mated, 
then wiping the grease from the surface. This procedure leaves a thin 
film of grease which increases the interface conductance. This grease 
has been approved for use on the Lunar Module (5 psia, 100$ O 2 ), as 
referenced in Grumman Specification ISM-14-6006 dated 19 July 1966 . 

The only additional failure mode introduced by augmenting the coll 
rail with a heat pipe is a possible leak in the heat pipe, which contains 
only small amounts of distilled water (^20 grams), a non- toxic substance. 
Pressures inside the heat pipe are negligible: at 100°?, internal pressure 

is about one psia, indicating no danger of bursting. 

TEST PLAN 

This section describes the test program designed to provide a 
thermal perfonronce map for the heat pipe augmented cold rail depicted in 
drawing SPL-104. It calls for a series of parametric runs to determine 
response to varying fluid inlet temperatures, average load density * and 
high load density with and without heat pipe augmentation. 

TEST CONFIGURATI ON 

A schematic of the test arrangement is shown in figure 9-1-5* Pro- 
vision is made for controlling the Inlet temperature and flow rate of the 
coolant and for shutting off the flow in one or both passages to simulate 
partial failures. The cold rail itself* is completely instrumented with 
suitable provision for readout (Figure 9-1.6). Simulated electronics heat 
loads are provided by strip heaters attached to both mounting flanges and 
controlled with Variac type devices. 




The facility requirements are summarized below: 

Power: Pour variac channels 

2 at 200 watts each 
2 at 100 watts each 


Instrumentation : 


Coolant : 


Readout and recording for 40 Cu-Cn 
thermocouples •• 

distilled water at 0 to 120 lbs/hr t 
inlet temperature control from 
50 ° to 120 °F 
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TEST PROCEDURE 


The test procedures are designed to provide six sped Tic types 
of information, 

(1) Bench or baseline HP data 

(2) Maximum load vs. flange root temperature 

(3) Average load vs. flange root temperature 

(4) Maximum load vs. average load 

( 5 ) Load vs. fluid inlet temperatures 

( 6 ) Load capacity without heat pipe 

The test conditions are summarized in Table 9-1.2. The bench test 
(l and 2) data will determine the HP capacity and temperature response. 

It will be conducted on a bare HP without the cold rail and measure both 
longitudinal and lateral conduction. This baseline data will be obtained 
from the test setup shown in Figure 9-1*7. Electrical heaters and spray- 
bath cooling will be employed. 

Tests 3 through Ik follow the same basic pattern in which a constant 
input (average Q/L) is provided to most of the cold rail flange. In addition 
a two inch length towards the inlet end of the rail is loaded independently 
to simulate a high density electronics package. The load on each section is 
independently controlled to meet test requirements. The test program provides 
ft complete performance map of the HP augmented cold rail. Tests 15 , 16 and 
17 will evaluate response under partial failure conditions, i.e., only on 
coolant passage operating. The remaining two tests (l8 and 19) will provide 
baseline data on the cold rail performance without an operative heat pipe, 

CONCISIONS : 

By placing a heat pipe in a cold rail, the effective conductances 
between the rail flange roots and the fluid passages are increase at mounting 
sites of high power density equipment. The hee.t pipe has no effect on the 
total heat load the rail is able to dissipate, but makes very high watt 
densities permissible if the load on the rest of the rail is low enough. 

i 

By acting as an isothermalizer in the center of the rail, the beat pipe 



TABIE 9-1-2 



Average Q/L 
watts/inch/ 
side 


Max Q/L vatts/ 
inch/side 


to burrout 


to burnout 


0 to burnout 

2 to burnout 
4 to burnout 

6 to burnout 

0 to burnout 

2 to burnout 


4 to burnout 


0 to burnout 


2 to burnout 


4 to burnout 


0 to burnout 


2 to burnout 

0 to burnout 
2 to burnout 
4 to burnout 


Active 

Coolant 

Passage 



Comments 


o baseline data'* 
longitudinal 

baseline data- 
lateral 

o sensitivity to 
variations 
in average and 
maximum loads 


o sensitivity to 
coolant 

inlet temperature 
variations 


o coolant temperature 
variation 



o coolant temperature 
variation 


o single coolant 
passage data 
simulating partial 
failure 

o dump HP charge, 
evaluate cold 
rail w/o HP 


2.8 

19 


2 to burnout 
4 to burnout 


2 

2 
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SECTION 9-2 
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AVIONICS HEAT FIFE CIRCUIT 


9-2.1 INTRODUCTION 

The heat pipe avionics circuit is a cold rail-type electronic box 
cooling system using heat pipes within the cold r?i.!s as heat transfer 
devices and the pumped coolant as an ultimate sink, rather than the con- 
ventional system which pumps the fluid through the cold rails themselves. 

The concept of a heat pipe avionics circuit follows logically from 
that of a heat pipe augmented cold rail. The heat pipe in the center of 
the cold rail is connected to a heat pipe header, which in turn is con- 
nected to the pumped liquid coolant loop. Instead of being used solely to 
isotherms lize the cold rail, the heat pipe is the sink within the rail for 
heat generated by mounted electronics boxes, serving the function of the 
two fluid passages in the augmented rail. like the heat pipe augmented 
cold rail, this system is not sensitive to the position of a module box on 
the rail, and can accept local concentrated loads higher than those within 
the capability of a conventional rail. Since the capacity of a rail in this 
system is not limited by a fluid film coefficient, it can ce designed to be 
higher than in an equivalent fluid-cooled cold rail, whether or not the 
latter is heat pipe augmented * Further, a fluid-cooled cold rail requires 
four fluid connections per rail, 28 in a seven-rail system, while this all- 
heat pipe seven- rail circuit requires only two. The failure of a heat pipe 
has much less effect on the cabin environment than the failure of a line or 
connection in a fluid loop, as the heat pipe contains less than 50 grams of 
water at less than two poia., which is the most that can leak in the event 
of a failure of a single heat pipe. 

9-2.2 ANALYSIS 

Drawing 8PL-102B shows a typical system, an equipment rack consisting 
of seven heat pipe cold rails connected to a heat pipe header, which inter- 
faces with the pumped coolant fluid loop by means of a heat exchanger. 

The length of the rails shown in the drawing corresponds to that of the 
longest rails on the IM- vehicle, kk inches. The maximum load on one rail, 
2D0 watts, is derived using the seme maximum load of 2.25 watts/linear inch/ 







side used in the design of Apollo vehicles. The maximum lead on the system 
was taken to be 700 watts, half of the heat load obtained if all the rails 
were loaded to capacity, as experience has shown that cold rails are rarely 
fully- loaded. In addition to these heat loads, there are other constraints 
on the system. Trie temperature at. any module box flange root must not exceed 
1 ! '0°F, and the fluid inlet and outlet temperatures are specified for maximum 
load conditions at 68.3°F and 96.4°F, respectively, implying a flow rate of 
85 lb/hr of distilled water as coolant through the heat exchanger for a ?00 
watt load. The system is designed for use inside the pressure shell, so all 
heat pipes use water as a working fluid to avoid toxic or high pressure fluids 
within the life support area. The evaporator film coefficient used is 2,000 
Btu/ft 2 -hr-°F pm& the condenser coefficient assumed is 2,500 Btu/hr-ft 2 -°F. 
These values are conservative, since higher film coefficients are being ob- 
tained in current heat pipe performance testing at Grumman. Thermal analysis 
of the circuit was conducted as outlined below: 

(1) Based on preliminary sketches, box flange to feeder heat pipe 
and feeder heat pipe to header heat pipe conductances were 
defined; 

(2) The t>eder heat pipe vapor temperature was determined by 
calculating the temperature drop from the l40°F module bGx 
using the heat flux (200 watts) and the conductance; 

(3) The header heat pipe vapor temperature was determined by 
calculating the temperature drop i/rcen the feeder heat pipe 
vapor temperature using the heat flux (200 watts) and the 
feeder- to-header conductance; 

(4) The required n UA product” of the heat exchanger was calculated 
using the logarithmic mean temperature difference between the 
header heat pipe vapor and the fluid; 

(5) A hoat exchanger which met this requirement and which caused a 
minimal pressure drop in the coolant loop was designed. 
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Details of the calculations performed in this analysis are given in 
Appendix E. 

Conductances and temperatures in the system at design conditions are 
shown in schematic form in Figure 9-2.1. The equipment heat loads indicated 
are uniformly distributed over the two flange surfaces of the rails. As 
indicated by the resulting temperatures, the design goal3 are met. 

The total design capacity of this system can easily be increased 
because any desired change involves only the substitution of the appropriate 
new flow rate and new heat exchanger having the proper "UA product". If no 
hardware changes axe feasible, an increase in the coolant flow rate alone 
increases the capacity of the system, as shown in Figure 9-2.2. The analysis 
conducted to produce this figure assumed the maximum load on any cold rail 
was 200 watts, which fixes the heat pipe header temperature at ll6.1°F. 

The high power density capabilities of a rail in this system were 
explored, viithin the design constraint of a 700 watt total load. This load 
fixes the header temperature at 1 jj6.1°Fc The temperature drop from a l40°F 
module box flange root to the feeder heat pipe vapor was calculated for a 
number of thermal loads of higher watt density than the baseline. (These 
heat loads were imposed over a two- inch section of flange.) From this 
temperature drop, the feeder heat pipe vapor temperature was calculated, 
and, from the temperature difference between feeder and header, the total 
amount of heat which can be removed from the feeder was determined. 

The local high density loads obtained are shown plotted against the 
total load on that rail in Figure 9-2.3. If the total load on a rail is 
limited to 50 watts, the local load the rail can accept over two inches 
(with the assumed total lead on the system) is increased to 8.4 watts. If 
a load of 9.4 watts is imposed locally, no other load may be placed on the 
rail . The limiting factor in each case is the feeder to header temperature 
drop which must be controlled to maintain the header at ll6°F for the 
design temperature constraints to be met. When it becomes necessary to 
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FIGURE 9-2.2 

SYSTEM CAPACITY AS A FUNCTION OF COOLANT FLOW RATE 



hr 


Q into exchanger = U A 

o o 


Vluid Out ~ Vluld I.n 

In ~ Vluld In 

^EP " ^luid Out 

Q into coolant = & Cp (t^ 0ut In ) 

By equating heat fluxes, the equation of the curve above is derived: 


where 


Q ° * Cp ^IP Header " T Fluid In ' 


^HP Header " ^Flu.ld In 


In . 

/ U A \ 

^ l 

/ JUO) 


Imcp y 


1’hP = 116. 1°F 

T In = 68,3 ° F 

Cp = 1, no coolant used is water 

U 0 A q i3 a function of flow rate and exchanger design 


Lead C\er 2-inch Section of* One Cold Hail Watts 


FIGURE 9-2,3 


Local Max Load vo. Total Load on a Cold Rail 


o System Load is 700 watts 
o Coolant Flow Rate is 85 lb/hr 
0 Heat Pipe Header is at ll6.1°F 



Total Load on One Cold Rail ** Watts 


mount equipment with ft higher watt denoity loading than the Indie mod 
limits, the equipment could be designed to accept higher flange root 
temperatures than l40°F, or the rail flange could be made thicker locally. 

A higher coolant flow rate, or lower inlet temperature would also improve 
high donoity load capabilities, but such solutions to the problem involve 
new system design constraints. Calculations similar to those described 
above were also performed for the locally thick flange utilized in the 
augmented cold rail design, and the resulting curve plotted in Figure 9-2.3. 
Other design capacities can easily bo obtained with simple system changes. 

9-2.3 DKOIOil 

The detailed design, including design specifications, is shown in 
drawing 3FL-1023. Detailed weights ave summarized in Table 9-2.1. The 
rails are formed of the some extrusion used to form the augmented cold 
rail, with the two fluid passages milled away as shown in Detail P of the 
drawing. Biis extrusion is of 6101 aluminum alloy, chosen for its high 

thermal conductivity. Material specifications are given in Section 9-1 

\ . . 

this report. 

Since the working fluid of all heat pipes in the system is water, 
aluminum is unacceptable as a heat pipe wall material because non-condensible 
gas will be generated, effectively destroying the ability of the heat pipes 
to function in the system. To avoid this problem, a 101 (OFHC) copper tube 
(ASTM specification B68.^5.280) will be inserted into the aluminum extrusion, 
which will be reamed to provide a push fit. Before installation, silicon 
grease (DC-340) will be applied (Grumman specification LGM-l4-6006 dated 
19 July 1966), then wiped away to leave a thin film. A ball or bullet 
will then be drawn through the copper tube expanding it, to insure good 
thermal contact with the aluminum. 

The copper tube will then be grooved to 100 threads per inch, and the 
wick shown in Detail N will be inserted, (internal configuration of the 
heat pipe ana weights per foot of the cold rail assembly are given in 
Table 1 of the drawing.) 

QinUSWMflAM 
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An elbow Joint is machined from CDA #145 copper rod, as shown in 
Detail D, and tungsten arc welded (in accordance with Grumman specifica- 
tion Q.C.P.6.001) to the feeder heat pipe evaporator section installed 
within the extrusion. The wick of the condenser section (shown in 
Detail K) is attached next, by means of an elbow splice section created 
by electrodepositing copper on models of the wicks. The 101 (OFHC) copper 
condenser envelope, grooved (100 threads per inch) and then flattened on 
one side (as shown, in Section F-F), is tungsten arc welded (as shown) to 
the elbow joint. The heat pipe walls and wick are then coated with Ebonol C. 
Such a coating increases the ability of water, the working fluid, to wet 
the surfaces of the heat pipe, enhancing pipe performance. 

The end cap/charge tube assembly on the evaporator end of the feeder 
heat pipes is shown in Detail L. The assembly would be made from 0.5 inch 
diameter CDA #l4j copper rod, pressed into the copper heat pipe envelope, 
and soft soldered in accordance with specification MXL-S-6872 using 60/40 
tin/lead solders. The end caps at the condenser end (not shown) are similar, 
but the charge tube is not included. 

Although dimensions are different - the header^ diameter is larger 
and its evaporator has the flattened side - the construction of the heat 
pipe header is similar to that of the feeder heat pipes. The one signifi- 
cant difference is that a fluid heat exchanger ie built around the header* s 
condenser section so that, when the system is in operation, the condenser 
is immersed in coolant from the fluid loop. 

After grooves have been cut in the condenser section, the outside is 
tin-plated, and the corrugated fin (Section J-J) and end plates, both 6o6l 
aluminum allo y, are brazed to it. The aluminum outer Jacket is then slipped 
over the assembly and resistance voided to the end plates in accordance with 
specification MIL-W-6860. The coolant inlet and outlet ports, part of the 




machined end caps of the heat exchanger, are shown in Section G-C. 

The rack assembly will then be laid, out, and the header soldered to 
the condensers cf the feeder heat pipes, in accordance with specification 
MIL-S-6872. Soldering provides excellent thermal, contact, but to achieve 
the required structural rigidity, straps and radius blocks are necessary , 
as shown in Sections C-C and E-S. The straps are to be cut from type 30ti 
stainless steel strut (material specification QQ- 3-766(1, cond A), and the 
radius blocks machined from 2024-T62 aluminum alloy (material specification 
QQ-A- 25 O/ 5 ) and given an alodine surface finish J.n accordance with specifi- 
cation MXL-C-554.1. 

As shov.Ti in Figure 9-2.4, a system orientation diagram, the heat pipes 
in the circuit ore never required to work against the g-vector (i.e., 
evaporator end "up"). 

9-2.4 TEST PLAN 

The testing described in this section is intended to provide verifica- 
tion of the thermal performance of the HP circuit. Two categories of testing 
are required. Component Qualification and System Performance. The former are 
designed to show acceptable operation for each HP prior to its inclusion in 
the system. This will minimize the chances for rework after assembly as well 
as provide information for possible system anomaly investigations. The system 
tests are designed to completely characterize the circuit's operation. 

9-2. 4.1 CONFIGURATION 

The actual test article must deviate from the configuration shown in 
Figure 9-2.4 to permit proper ground testing. Figure 9-2.5 defines the 
test geometry which provides for both "zero-g" (on-orbit) and reflux boiler 
(entry ) simulation. The test geometry differs from that of the analytical 
model in that the header heat pipe is straight rather than "L"-shaped. 


Thermal input will be simulated with electrical heaters on each rail 
and cooling by the water flow through the jacket. The entire circuit will 
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be mounted to a rigid test frame which can be levelled by use of screw 
jacks. This frame will also be used for handling and shipping. 

External hookups for power, temperature instrumentation ana fluid 
flow are provided for interfacing to existing facilities. The facility 
requirements are summarized below; 

Power: l4 variac channels 

120 volts, 2 amps each 

Instrumentation: Readout provisions (strip charts) for 

80 Cu-Cn thermocouples 

Coolant: 150 Ibs/br of water with irlet temperature 

control Ji-0 to 120°F 

Work area: V by 3* work surf sice with U* minimum 

clearance to ceiling 

9-2.' h. 2 T EST PROCEDURE 

Component Qualification: Eenh HP (8 total) w5.11 undergo qualifica- 

tion testing prior to acceptance. Each pipe will be equipped with a ribbon 
heater over its evaporator section and will be fully instrumented to obtain 
temperature data. Each pipe, in turn, will be installed In the bench teat 
rig shown in Figure 9-2.6 and they will then be tested tc verify that the 
horizontal performance listed below can be attained: 

Cold rail pipe: 200 vaots with 10°F delta-T 

Header pipe : 700 watto with 10°F delta-T 

The cold rail HP will be cooled with a spray bath (Figure 9-2.6) and 
the final check of the header will be performed with its cooling jacket 
installed (Figure 9-2.?). However the header performance will initially 
be verified usiDg the spray bath. 
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FIGURE 9-2,6 - ESNCH TEST ARRANGEMENT - HEADER PIPE 


^old Hail 

Locations 


^Test Point **v, ,.^4- 


'F : ^yr v ri 

/ . > ^ -UHeate 


r Ribbon Element a 


bpray 

Bat 


Evaporator Heater 

a •> -*-i / — 

* \ , — •>•/ 




\ * 

x^ 




- A 


. t 






~Z^v, 


Teat Stpud 


•>>$? 




f 

c-" 

l 

.1 


l c 


ondenser 
Spray Bath 


/ 


Thermocouple 






FIGURE 9-2.7 - EEKCH TEST ARRAUGESKNT - COLD RAIL PIPE 
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System Performance: After all components have been checked they 

will be assembled to form the circuit. Heater ribbon will be mounted 

t 

;-n the rail flanges to simulate module box thermal input. The entire 
circuit will be ’.ie':d in a test fixture to maintain the geometry shown 
in Figure 9-2.5. 

The first series of tests will be perfOiTted with the Z-.X plane 
horizontal thus simulating "zero-g" operation. The eniphaols during 
testing will on understanding the interaction between loads on the 
circuit ns they cycle on and off, at different power levels. The heater 
ribbons on opposite flanges on the same rail will be independent, so 
loads c.'.n be different. 

Table '2-2.2 presents a summary of the test program. Tost i/X is a 
"bench-mark' 1 tear and serves to demonstrate basic system performance. 

During this test, the two boxc3 (simulated by two ttrlp heaters) con- 
nected to cold rail f/7 (see Figure 9-2.5) can either bo operating at the 
same or different power levels. Test #3, with identical heat loada as in 
test //l Imposed on rail #1, compares the sensitivity of the system to 
loads on rails at different locations in the circuit. The inputs will be 
stepped to 200 vutts it 50 watt increments in order to determine the 
operating characteristics over the entire range. 

Having demonstrated the ability of the system to accept 200 watts 
at one location, tests 3 through 6 will demonstrate that the nyrvtem can 
accept multiple heat inputs over the entire heater evaporator length. For 
test 3, rail 1 would remain at a dissipation level of 200 watts, rail 2 
rfould be brought to this same level, and rail3 5 and 7 would bo sequentially 
step powered to 50 watts. Subsequently, rails 4 and 6 would bo stop powered 
to 75 watts, and rail 3 to 50 -watts to complete test 4. These tersto will 
verify that the heat pipe header will perform satl3fo.ctorl.ly (i.o., not 
"starve") t»3 loads are added downstream of a largo heat source. Tills aeries 
has been designed to shown “yst.em performance while transporting a rooxinum 
load over the length of the intermediate header. Testa 5 and 6 have been 
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Table 9-2.2 - Test Loading Conditions 


Test // 

Rail # 

Comments 


1 

2 

3 

4 

5 

6 

7 

1 



- 



- 

200 

"Benchmark." 

Test 

2 

200 

- 

- 



- 

- 


3 

200 

03 

a 

o 

- 

- 

50 

- 

50 

High Upstream 
Load 

4 

200 

200 

50 

75 

50 

75 

50 


5 

50 

- 

50 

- 

- . 

200 

200 

High Downstream 
load 

6 

50 

75 

50 

75 

50 

200 

200 


7 

<*) 

200 

50 

75 

50 

75 

50 


8 

(*) 

200 

! 

1 

- 

50 

- 

50 

! 

Local T oad 

9 

50 

75 

50 

75 

50 

200 

(*) 

Test 

10 

50 

- 

50 

- 

- ' 

200 

(«) 



(*) The indicated rail will be broken into two zones: a two-inch section 

on one flange, which will be subjected to a high thermal load and the 
lightly loaded reminder of the rail. Local high density load capa- 
bility will be explored. 
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included to demonstrate that the header pipe will be able to service 
additional loads upstream cf a large heat input. These tests will indicate 
whether it- is a better design practice to position smaller loads downstream 
or upstream of a large source, or whether it matters. 

Tests 7 through 10 determine high watt density load characteristics 
of the circuit by loading one of the rails with a high density source on 
two inches, and plotting performance curves of total load on that rail (with 
a low load on the rest of the rail) against the high density load, keeping 
the calculated box flange root temperature at 140°F. 


C3RUMMAN 
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9-2.5 CONCLUSIONS 


This circuit was designed to meet a specific set of design require- 
ments, so no attempt was made to maximize heat pipe or system capacities. 
Larger local load capabilities, rail capacities, and total system capacities 
can be achieved if necessary by increasing the flow rate, lowering the 
coolant inlet temperature, or increasing the "UA product" of the heat 
exchanger. The real limits of a heat pipe circuit such as this one are the 
transport capacities and the maximum allowable input load densities of the 
heat pipes employed. The present design is well below these limits. 

Any analysis of this , type of system is extremely dependent upon the 
values chosen for the heat pipe evaporator and condenser heat transfer 
coefficients. A s heat pipe technology advances, the capabilities of a 
heat pipe circuit such as this should increase along with increasing film 
coefficients . Current Grumman test data support the values used for this 
study . 


Heat pipe circuits such as the one analyzed have shown advantages 
over the baseline cooling systems on the shuttle orbiter. With only two 
fluid connections per rack , as opposed to four per conventional rail , 
leakage problems are minimized and flow balancing within a rack is eliminated. 
Unlike the conventional fluid cold rail, every mounting site is thermally 
the same as every other. A high density local load can be accepted on a 
rail if the penalty of lower rail capacity can be accepted. The entire 
capacity of the rack can be changed by replacing the heat pipe header/ 
heat exchanger assembly with one having a larger exchanger. 

Such units also present advantages in the cooling of development 
flight instrumentation, carried only during early flights because installa- 
tion of such a rack disturbs the already-installed fluid loop only minimally. 


9-40 


KSRUMMAM 



;.v. V. ' . .. 

FOLDOU1 FPAIvit j 







FOLDOUT 




uc^C'ER/rtUIO 



/ L'-Htif. .'.T 

nc i 


«<H KK 
I-*- >f TV«i 

c.Siw, 

J.TI3 

E.A«*jC ** u^ 
flAVfl (*«»CVll 

n. 


SECTION J ' J 

V-C A, t.tt i KVIC 


nCiIc • tiWJMte r.flk 4-*- 

4 'K.'an *«e*e 


■:i 


- kCKM .‘jAn ^ 

* .«c t-'irt* 
M*>\Z ■.•*?’! o 
<p»iVi # it *c 


t*OCt( -i 


fS 


— 1.12* 1 \ ' 

^^^ETr-i- H~‘ ivi—- ) - •-- 

t , r \ < 'L-aU V 

' J*’ r I .^ooou-rocK,)-. J ) - — Z~' 

A. i .0«0 PAG- .0»-.< 


L .o«ou 

- V IS . v . 


T a OLOu n «o> in twf 4 - - 

.*♦« MlfVC*J72 

tn* OQWS M u/lltc. TCLJS2 : 
r / AT ’v. -*- 7 A* 4i>r,itp Tl.l^V <>*^F 

vStfc sc-rc. t 


-^J 


.<r>»fj p»a 
) ns r,j»u/ 
bfACKp cx^j rue o* 


DEtAtL L 

(SC*LE -TWICE; 


I. ■ 


>< 4 ? 


i^r-i 


V- .750 S 1 -* 17 


h.x»u 

it; »cw) (Mgoii-v ev ».wxinin« 

' tt> ti«f 


L’M 




Ml ft in 

iTt f D L M KA« E.X1R 
•< r. f.vAn.Ar».r> 

■ fcet - T/.'iCe) 


I 


*- (LX1 Rt« SAtPv) 


‘>~4 


r 


1 


lUlM AMO *jEA~. - 
Wfc^D -APTfR 
C«*.i0tr.-0 
(W f ‘ 7 PLf^.ESJ 


!i 

i i 


— *-«£ 


, .s-io -,ve Oi*. 

/ ’ (SSF) 




L 


V * J 


a 


W.CutlT/J.^' . x 

Jpltl) I’A'L t.\TP (w. V/ft) 


jY ‘ji-L 10** toe IEJL Pita NOT Wnti) 


— d 


r 


.. i. 


i 




equipmen r RACK FOR selected components (Mtouvi -D,T^ tvo^V 

V.EW LOOKING FWDOT^FTJN THE ORBITER VEHICLE 



:7— • -A 


cv> -;w < 

S' m\.\ y / 

• 1 .‘l / 


= rlA .\.] tr - 'vl.ri /lUf 

3:4 Jr- »•*** y / 1 j : J 1 ' - ■ ■ 

1 / !-r^ * m* - — ' " r\ 

k c.t v i - ; ! J ii^/j 

*■ %V» -f * ; . t, (*kA».» *■<} 


CiT»i AS V’ 


i:j r 


pp. '7 

GlT. 

-jure. ei«. . i*v 

T. Vj«*. :Cfrt<_e. I3KS* 

r*.:;;? c z> * .~Z£ v.Aa r» 

I « t'LVt TWM •‘•LLO'.'AFi . ; j 

i:»rw r<r^.;i^ =•;=.. 

:h2J T:; ►<*/. a - r. 

0 THE '.-HC-jV.f 

NH TMC \J't'SD !/.VT - •, n;_ of 

ea m -L.EAti contact •,• --v,* 
EU.'.'W •■ » C> C* •-* . ^.-rci; 

*~e y.t r.t wiT^; s.*-f ^ 

fv. Af C {<*-.: V. t'.Z’i f.f 

* *>t-i ,> a-s inCAfw --t c 

<(„£ . gcscvG :«.s i'.* • .. *»• 
;.ic trrp. ««?" uf? .**'** '/ • 

* *i frt*l ••!<>.■ v. if HAV 

«:>*/ w.tfij >* 3 ; Ptc .-a ~ 
uW.y //(PC. UA/>f» j *►*. «-.M 

) 


~V* 

ii ' 


DETAIL t> 

(->AAte -*«*.«.» 


' l AMi/ {?.. \ 

i-Ai. \ 

i£»r \\t*< \ 

•? C • * 0 ««»c s:*.i * ' 

(*roit* * k )\ 


»» Alisov c.oc<* 

•C<> I Ak SCt-4-^i 
4G-k'V55/» 
fiWHiW.oraiE rm , • 

■WVI ■- 


' ~r 


.7Co 

.oie. y»A.L-- v’> ; 1 

'f, J\ 
f 1 / \i 


Vw W feV& /// y 

j vyi. i . •..>£/ y 

CJlI ^2 ' ‘vlfc= *. 

. . - - y4* r 5 h ■* i\j '-•,o ( .dt 4 

.t^n. — 4 it'ct\ou r r. 

/ V «v» * U 

•«* *>Avt. * 


-Ti-HHt/.M. tMtqcACE 

* ,» r Ar? ‘CAN 

I// ^ TiN-ity.n -clC'h 
f'Al.Ui'Vj « C-N* 
ri*,T »v*> *h« fK^?£ w 
AiiA fc«A\»R.e ».:• 


'. ♦ y i, « c r t a -1 


VOO * CCilTlCA^ , 

etDv^r A> -T y.«» 


*»* v.isr^g •» *<♦,». •■%£* 'O 

c.':t v’ -by. '-*•», j,s.a>»Ak, ffc* 5u 5* 

T«C «i-».T f;j*« 1 * ^ <• <.*&>«” 

V.ky^V *& C.' '.t • ’«» 

C» - 2 -.T '< ‘C» •, .*• «»* 1 1 '’•» r “*l 

:-r£ t* '-t l .«**;.«. ■'■ ’•• • fJ *-w *i’ 4 

'til ^ 1 ‘ifU *.k, , 0 'Cr,+'*J‘) 


Av,c*y-i ?-• ■' 

i.'.ies'iCL' 

(■jo*tATec. 


’X. r 

► -‘C 1* ^ Aft'* 


TUKibitK A-C ’ v - 

c.c p 6 wt *.;•■ »«p^t v^a' *»•' 

H**‘t*«t f .<:••• V- 7 ;ca* m 


(■•*;«. *vr 7 ;tM -.+J '‘l 

i.;rr joictstti) v.t -'>* -■•**». •>. av-» 

%■ '.U^s-. i J { u «.vrt //A; 

"0 1 1 T -t C a • T •* ’ c >v/*. •»;*;>*.»••<•*! a H f - ir, * 

T.vc&a. etc-, p« c-A’r.t? Pfr»*.» i * 


»tlC£P 44*. 

;r> t.e;A ' cn 

o) *v:cT , ■*.* >1 A‘ 

;>.‘ A) 

■- i »-t 

r-t 4 a:-c:. »■•,:<.*.% 

• . c.avpo 

-y A7*-»;»<t i»nf 2 

i.i.c ;*£•-; 


K? 

(*»»crtir- FiVSw'vi ;iMC, 3W5.it!' 
ca :x. jwi*«i,vxh, 


/•— T rt ic AL 

/ 12 Ptft KAi., 4? A/ 

! V; | f'“ 

• ' ' VS ^ Ss \ it! oribi.. 


L ««« W A A | i ‘ 

j •>« t.'W.f, • I ^ j 

1-’"r 1 “- I 1 I / 


m 1 T’T,:r r A^rhr-'jl-ir-* 


0^. 


.. ! XSiU^ T 


Ll.L r r*wosJM'-0 

-~y ••' — ' 


t - v,4ii 

i I i 


i/i L J ,J 

r^- j -- v L-i \ ■ 1 1 


~:U; tCCTitM (.•{’. 


,,,, •- - A*VH 

;:r; 

IOO • •‘'-A • 


icriCM B -5 

(VAlt- >Xl| 


FiG. 9 - 2.8 


U;vi W*W I 

— — 1^.4 - mpa 


nr . at pipe opcu it 

AViON'Ci rouip hack 

(•!«“ l ■ I L A. VO | 

■ -1 -r •] SPL - 102 B 1 


PRECISING PAGE BLANK NOT FILMED! 

9-3 HEAT PIPE/PHASE CHANGE MATERIAL MODULAR HEAT SINK 

9-3.1 INTRODUCTION 

The electronics for the flight data and voice recorders are 
integrated in o single package (4" x J" x 6") and located in the aft 
fuselage of the shuttle, near the recorder (tapes and drives) assembly. 

The modular heat sink thermal control concept, as designed for 
these recorder electronics, integrates heat pipes, a phase change material 
(PCM) and a structural bulkhead. The self-sufficient system couples the 
electronics base plate (heat source), via heat pipes, to either the struc- 
tural or FCM heat sink, as required by the mission. 

As illustrated in Figure 9-3.1, it consists of a cold plate which 
interfaces with the electronics base plate; a simple heat pipe (transport 
heat pipe) whoso evaporator is integral with the cold plate; a PCM con- 
tainer attached to the middle of the transport heat pipe; and a diode heat 
pipe which connects the other end of the transport heat pipe to the 
structural bulkhead. 

During boost and the entire on-orbit operation the base plate is 
coupled directly to the structural sink (average bulkhead temperature -40°F 
to +110°F) through the transport and diode beat pipe connection. The inter- 
mediate PCM sink is bypassed. During entry the structure becomes too hot to 
function as an acceptable sink and the diode reverses, decoupling the struc- 
ture from the transport heat pipe. This creates an isolated system consisting 
of the base plate, transport heat pipe and PCM container with the heat flux 
path now terminating at the PCM, After landing, when the structure has cooled 
the diode once again completes the connection to the bulkhead allowing the 
liquefied PCM to unload its stored energy. 

The PCM 3ink must be sized to absorb the entire electronics heat load, 
plus the ambient heat leaks for the time that the structure cannot function 
as the heat sink. In addition, its melting temperature and conductance 
coupling to the transport heat pipe must be such that the temperature of the 
base plate does not exceed the maximum permissible design value of 140°F. 
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FIGURE 9 - 3-1 


MODULAR HEAT SINK 
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9-3.2 ANALYSIS 


The following paragraphs present the results of the analysis done 
in support of the detailed design for the modular heat sink thermal concept. 

- Requirements and Assumptions 

- Electronics 

The recorder electronics are designed to function in an ambient 
thermal environment from -68°F to +l60°F. The electrical power profiles 
(Reference 9) call for continuous operation throughout thi seven day earth 
orbital mission (l68 hours). Electrical power dissipation is 35 watts with 
a temperature difference of 20 °F between the electronics and the base plate. 
Therefore, the maximum base plate design temperature is l40°F. 

- Environment 

Recent shuttle studies predict the following temperature extremes 
for the aft fuselage structure: 

100°F : Launch & Eoost 

*, -40°F to 110°F : On-Orbit 

3?0°F : Entry 

Thus, the structure can be used as the heat sink for all except the entry 
mission phase. 


Use of the PCM will be required for the following entry phases: 

Tine (Min . ) 

De-orbit : 21 

Entry . : 33 

Approach/Landing : 10 


Total 


64 Min . = 1.07 Hr. 


Figure 9-3.2 contains the temperature response of backface structure 
representative of the upper aft fuselage area during the above entry phases. 
Ground conditioning with air at 80°F is assumed after 4000 seconds. The 
average backface temperature up to ground conditioning is calculated from 
the response curve as 207°F . 


QnUMMAN 


FIG. 9-3.2 TEMPERATURE iESPONSE OF STRUCTURE 
o Total Heat * 10,000 Stu/Ft 2 

c Data Taken from Reference 16 





*. MMi atmosphere d,e t, infiltration during £»>««£ 

in an estimated averse convective fiim 

a „ d a bn*. atmosphere temperature approximate* equal 

structure. 

- properties of the --^“e £ 

rrr:r^ r:i ir. — . - 

A contact thermai conductance of 1000 Btu/Hr ^ 

=; r :r tr =r r— ~ o f ; 

, °r 

2000 Btu/Hr Ft" * • 

A Pin effectiveness of .67 »as ^ "^t^ions 

transferred at the heat ^ w#u> M icside fll* coefficient 

for a .500 TP aluminum P P e half th circumference 

of 2000 Btu/Hr ft 2 <V, a iWCt "" “ 

and insulation over the other half. 

' 7 re followed in the system design - analysis: 

Seven basic steps were it- , 

1. EstahUsh theoretical weight of PCM require. 

3 '. ri^l°Ca‘lPCM«Ct requirement (theoretical & losses) 

4. Establish AT budget 

5 . Determine conductence requirements of component. 

- cold plate 

« transport heat pip® 

- diode heat pipe 

- PCM container 

6 . Establish component designs to obtain required conductance 

7. Establish system model and verify performance 
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The PCM must have a melting point between 110°F (the maximum on-orbit 
structural sink temperature) and l40°F (maximum permissible equipment base 
plate temperature) and it must also have a reasonably high heat of fusion . 

The three PCM's which best satisfied these two requirements were selected 
from the data provided in References 11 and 12 and are given in Table 9-3.2. 
Hexacosane is the preferred choice since it has the highest heat of fusion 
(110 Btu/lb m ) and a melting point (l33°F) that exceeds the vapor temperature 
of the transport heat pipe during on-orbit operation. The latter requirement 
is necessary since the PCM is in contact with the transport heat pipe at all 
times but roust melt only during entry. All of the candidate PCM 1 *: were non- 
toxic and showed good compatibility with aluminum, the container *ind heat 
pipe material. 


° Theoretical PCM Weight (Hexacosane) 

W = — p - - 1.36 lbs 

f 

° PCM Requirements Due to Heat Leaks 

Appendix F contains the heat leak calculations fiooz is ent with the 
basic design assumptions. The losses are rounded off to 20$ Df the 
theoretical PCM requirement, or .24 lbs. 

° Total PCM Weight 

Wrv-iw - Theoretical & Losses « 1.4 lbs. 

PCM 


This actually includes a 33$ safety factor since the PCM won't be 
needed during the de-orbit phase of entry (approximately 33$ of the entry 
timeline of 1.07 hours). 


Note: The maximum energy storage capacity of a PCM includes the specific 

heat capacity of the liquid phase and the filler material. 


E MAX “ W PCM H f + 2 ( T PIATE " T rciP 1 w f c pf f W PCM 

UQ 

These specific heat contributions are neglected in the design 
analyses. Q 
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TABI£ 9-3.2 

Phase Change Materials (PCM) 


Name 




Melting 

•n-j _j_ /O, 


Hedt of 
Fusion 


Density 

lb/ft 3 


Specific Heat 
BTU/lb-°F 


Formula Point( F) (BTU/lb) Liquid Solid Liquid Soli d 


*n-Hexacosane 

Paraffin 

C 26 H 54 

133.0 

no.o 

48.0 

53.4 

CD 

•53 

n-Tricosane 

Paraffin 

c 23 H 48 

117.5 

100.0 

47.7 

53.0 

•47 

• 52 

Tristearin 

Non-Paraffin 

Organic 

^ C 17 K 35 
COO)^^ 

133.0 

82.1 

53.8 

- 

- 

- 


^Selected Material 


Lhermal Conductivity (k) = .0865 BTU/Kr-Ft-°F 


! 

1 

i 

• 5 

n 

1 


n 


• ! 


n 


-! 

71 


n 


] 

. i 
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o Heat Pipe Analyse s 


Although several working fluids could bo used for the temperature 
range involved (-40°F to +lUO°F), the selection was narrowed to ammonia and 
Freon-21. Using fine circumferentially grooved pipes with ammonia and 
Freon-21 as the working fluids, Grumman has successfully and repcatably 
demonstrated high evaporating and condensing film coefficients. 

A design capacity of 100 watts wa3 specified for each heat pipe. 

This accounted for the possible simultaneous transfer of 35 watts from the 
electronics, 35 watts from the PCM and 30 watts from the environment. 

One-half inch ID heat pipes were selected since they provide 
reasonable circumferential heat transfer area without excessive overcapacity. 
The designs of the arteries were optimized for the geomotrieo involved and 
the results .in the form of capacity versus operating temperature are presented 
in Figures 9-3.3 and 9-3.4 for the transport heat pipe and diode heat pipe, 
respectively. Reference 13 was used for the analysis. Cased on these results 
ammonia is selected as the working fluid with a simple spiral artery wick 
for the diode heat pipe and a spiral arterv/tunnel wick for the transport 
heat pipe. 

The diode heat pipe operates on the liquid blockage principle; the 
diode stops functioning as a normal heat pipe when excess fluid held in the 
reservoir at the condenser end is released and transported to the evaporator, 
thereby completely filling the evaporator vapor space. Since the diode 
reversal is required during entry, the reservoir is designed to rotain excess 
liquid until an inertia force greater than 1.25 "g" is experienced. For 
ammonia this requires capillaries of .06 inch diameter for a 2 .12 inch length. 

4 Of cos 6 
d = — 

/ >L 

The diode v/ill also reverse in the more conventional manner when the tem- 
perature of the condenser exceeds that of the evaporator. The excess fluid 
vapor. will travel to the now cooler evaporator, condense and fill the vapor 
space. The net result is the same no matter what tho cause for the reversal. 
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o Cold Plate Conductance 


Figure 9-3-5 describes the nodal model used to determine the con- 
ductance of the heat pipe cold plate. For 6101-T6 aluminum and a .07 inch 
plate the effective cold plate conductance between the interface plane 
(excluding any contact conductance) and the heat pipe vapor is 7^ Btu/Hr °F 
with Freon-21 as the working fluid and 130 Btu/Hr °F with ammonia. The 
evaporator film conductance (K^) id the controlling influence in both 
cases. 

o PCM Container 

This is the most critical and sensitive component of the entire 
system. It is not enough to provide the proper amount of PCM for the 
desired heat sink capacity - that's simple and straightforward. The 
biggest obstacle to be overcome is insuring uniform heat transfer within 
the PCM. The phase change materials generally have very low therm’s! con- 
ductivities which result in very steep temperature gradients required to 
transfer heat to the PCM. This gradient can result in an excessively high 
equipment temperature during the melting process. The integration of 
metallic filler materials into the PCM package will improve the the ms. 1 
conductivity through the PCM. They provide low thermal resistance paths 
thus reducing the temperature gradient necessary to dissipate the required 
heat flux. 

The actual design of the package becomes a tradeoff between the 
volume and weight of PCM required for the heat sink and the effective con- 
ductance necessary to insure a reasonable temperature gradient. 

The two most effective filler materials reported in the literature 
(Refs. 11 and 12) are honeycomb matrices ard fins. The honeycomb is com- 
mercially available end the fins can be easily fabricated in-house. In 
both cases, however, a good metal to metal .contact between filler and the 
heat input surface is paramount. This implies simple geometries that are 
easy to assemble by brazing or soldering to provide good thermal contact. 
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Four be a ic PCM containers vere analyzed to determine the most 
efficient configuration. 

1. Cylindrical Container with circular (circumferential) fins 

2. Cylindrical Container with straight (longitudinal) fins 

3. Rectangular Container with straight fins mounted directly on 
the: heat pipe cold plato. 

4. Rec tangular Container with honeycomb mounted directly on the 
hee.t pipe cold plato. 

The cylindrical container is separated fran the cold plate but connected 
to it by meant: of the transport heat pipe. Its outside diameter was fixed 
at 3.12 inches: . The rectangular container receives its heat input directly 
from the cold plate end therefore does not require a transport heat pipe. 

Only cne heat pipe, the diode, is necessary for this latter configuration. 

Aluminum is the choice for the filler material since it best satisfies 
the basic req\iirenents of high thermal conductivity, low weight, good cor- 
rosion resistance an<l low cost. 


The thickness for the fins was determined by using the expression 
developed for optimum thickness rectangular fins. 


2 


2 2 
v t h 


1/3 


4 X k 


rlM 


f 4 

6 L 


h~ 


w 


r v/i'i 


V 

where *• 1.419 and h is approximately (s/2) 


For w = 1.25 inches 


f 


2.14 (10" 3 ) = 0 
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where f is the number of fins per inch. Preliminary estimates Indicated 
f - 10 which gives a t Qpr - .018". The nearest gauge and the one 

selected for all fins wan .016 . 

Appendix F-2 summarizes the expressions for effective conduct once 
and weight which were derived for each of the four candidate PCM containers. 
Figures 9-3.6 to 9-3.8 present the results for the cylindrical container 
with circular fins. Figure 9-3-7 shows that the required PCM weight of 1.4 
lbs. can be accommodated in a 10 inch length with up to 19 fins (.016") per 
in.'h. Figure 9-3.6 shows that the required PCM conductance, for on ammonia 
heatpipe heat source in a 10 inch length is 2.5 3tu/Hr-in-°F. Selecting 10 
fins per inch for the design gives a value of 9 Btu/Hr-in- c ’F or slightly 
more than three times what in required. At 10 fins per inch for 10 inches, 
the maximum possible PCM weight would be 1.7 with a corresponding 

total weight (PCM + fins) of 2.9 lbs. Using only the required 1.4 lbs. of 
PCM leaves a void volume of 17.6$ to accommodate PCM expansion and entrap- 
ment of gases. The total weight of PCM and fins would then be 2.6 lbs. 

The performance of the straight finned container is extremely poor 
and is indicated in Appendix F-2. The configuration cannot provide the 
minimum required PCM conductance of 2.5 Btu/Hi-in-°F; the best it can do 
is around -55- 


With direct PCM attachment to the cold plate the required overall 
PCM conductance is reduced from 25 Btu/Hr-°F needed for the cylindrical 
container to 20 Btu/Hr-°F. This is due to the more direct heat transfer 


path from source to sink. As indicated on Figure 9-3- H’, f° r thc straight 
finned configuration a design point of 10 fins per inch and a height of 
2.5 inches would provide 23 Btu/Hr-°F or slightly more than the theoretical 
requirement. Figure 9-3.9 shows that the configuration would barely acom- 
modate the required 1.4 lbs. of PCM. The resulting total weight is 2.35 
lbs., a little lighter then the cylindrical container. 


The results of the honeycomb flat plate PCM container (Figure 9-3-H) 
show that the conductance and PCM weight requirements cannot be reconciled. 
The height needed to accommodate the required PCM increases the resistance 





Effective, Btu/ilr-in- 


FIG. 9-3-6 


EFFECTIVE CONDUCTANCE 
o I{P Wall to PCM 


o Circular (Circumferential) Fins 
o t = Fin Thickness, in. 



10 20 30 30 
f, Fins Per Inch 
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o Circular (Circumferential) Fins 

o t = Fin Thickness, in. 

o does not include heat pipe or container 
envelope 



I I i 

20 30 40 

f, Fins Per Inch 
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FIG. 9-3.10 


TOTAL CONDUCTANCE 

Direct PCM Attachment to Cold Plate 


0 Design Pt. 



Height, in. 



-i*h 


u . HONBT/COMB CORE/KM PERFOBMiMJOE 



Height, in* 


Req’d* 






to heat flow thereby reducing the effective conductance below the 
required value. 

Or; a conductance per pound (PCM + fina) basis, the circularly finned 
cylindrical container is the overwhelming winner. For this reason and for 
its inherently greater design flexibility it is the selected PCM container 
configuration. 

o System Performance 

Figure 9-3.12 presents the electronics baseplate temperature as a 
function of the structural sink temperature. The base plate varies from 
-20°F to +130°F (within the design requirement) for a sink variation of 
-40°? to +110° F. 

The entire modular heat sink system, as shown on drawing SPL-111, 
weighs 4.45 pounds. The component weights are detailed in Table 9-3.3. 

9 - 3.3 DESIGN 

The detailed design, including necessary design specifications, 
for the modular heat sink is shown in drawing SPL-111. The electronics 
box is attached to the structure by four No. 10 steel bolts using .300 
inch thick glass cloth epoxy resin insulating washers between the box and 
structure. The steel bolts and insulating washers provide high thermal 
resistance paths which minimize the conductive heat transfer to structure. 

In addition, a £ inch thick fibrous insulation blanket (TG-lpOOO or Micro 
quartz) completely encases the entire system, including the electronics, 
cold plate, heat pipes and PCM container. A single wrap of oxidized nickel 
foil (| mil) is wrapped around the insulated system to create a thermal 
radiation barrier. 

The mechanically bonded interfaces which require good heat transfer 
(heat pipe cold plate, transport heat pipe condenser, diode heat pipe 
evaporator and condenser) are finished to 64 micro-inch RtS. Before mating, 
silicon grease (Dow CorniDg 340) is applied to and then wiped from the con- 
tact surfaces. This leaves a thin film of grease which increases the inter- 
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_ Tr , , ^ - MODULAR HEAT SINK PERTOl’MATCE 

o neat Pipe Cold Plate Coupled to Structure 

o q » 35 Watta 





TABLE 9-3.3 - MODULAR EEAT SINK FLIGHT VOICE RECORDER APPLICATION (Si'L-ili) 





. rtance The procedure has been approved for the Imar 

"rr:rr;;-» > — * — ^ i9 ’ 

1966. 

+ 4 s designed to withstand twice the maximum expected 

Both beat pipes ar- i8 oreacure is 350 psi. 

internal pressure of 800 pel. Tae miclmsm «**■« 

nl . te is a flanged heat pipe evaporator uhlch 13 t “ t ^ 4 
'void plate is a ^ng ^ 6 101-T6) 

to the electronics base plate. transport heat pipe as an 

wh ich contains the evaporator ^ ^ ' inch I>D< (.<*5 wall ) with fine 

integral part. The heat p P - gr0 oves/inch). The charge 

internally machined clrcumferent a^ gr - Mmalliaer of the transport 

tune is at one end; the other end attest. ls .070 Inches 

heat Pipe at a fillet -Ided « 3 ' •. ’ to t he base 

. „ . .,,-f-ce area of 24.5 in . j-v ^ •» 
thick with a contact surrace area 

plate by 10 - 32 steel fasteners. 

art heat pipe connects the cold plate flange to the PCM 

The transport beat P P^ ^ ^ lnterface , near the midpoint of 
and to the diode beat P P . (6101-16) are brazed to the .590 

the heat pipe, circular "" fl “ ^ J ^ for . lm8 th of ten 
outside diameter « the p.pe » eMb c0 „talns several notches 

inCheS) - * TLZ C paassges to alstrlhution of KM 

and holes wh.c ^ ey auction of the heat pipe mates with the 

during fillies* - ie . miiied-flat Interface. They are 

evaporator of the diode heat p.pe a . 32 fasteners. The 

mechanically Joined by a clamp assembly «lth ls 

transport heat pipe Is charged with ammonia after the 

attached and filled. 


Desip j n Details 


Pipe: 

Grooves : 

Diameter : 

Working Fluid: 
Wick: 

Evaporator length: 
Condenser length: 
Overall length: 


Aluminum 6101-T6 

Circumferential 

,500 in I.D., 

^90 in O.D. x 

tomonia (Charge = 11.93 ore ) 

Spiral Artery/Tunnel Wick (.062 core; 

7 inches 
4 inches 

22.73 inches GRUMMAN 
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The diode heat pipe forms the on/off coupling between the transport 
heat pipe and the bulkhead heat sink. It operates on the liquid blockage 
principle wherein normal heat pipe operation is stopped when the evaporator 
vapor space is flooded with excess working fluid. During normal operation 
the excess fluid is held in a fluid reservoir which is welded to the diode's 
condenser. The reservoir consists of an array of fine capillary holes 
drilled into an aluminum block. The wick in the condenser does not com- 
municate with the excess fluid in the reservoir. During entry, when the 
inertia force exceeds 1.2:5 'g', the capillaries in the reservoir can no 
longer retain the excess fluid and it is driven into the diode's evaporator. 
Both the condenser and the reservoir are flanged and attached to the bulkhead 
by 10 - 32 steel fasteners. An 'L' shaped charge tube is at the end of the 


Aluminum 6101-T6 
Circumferential, 

.500 in I.D. , 

.590 in O.D. 

Ammonia (Charge = 13.97 gms) 
Simple Spiral Artery 
4 inches 
4.1 inches 

12.9 inches (including reservoir) 


Aluminum 6101-T6 
3 inches 

.060" Dia. x 2.12 inches long 

125 ,, 

.384 in^/in 

Hie PCM container houses the phase change material (hexacosane, 
a:.i the conductive filler material (circular aluminum fins) and completely 
surrounds a centrally positioned ten inch segment of the transport heat pipe. 
It is a completely welded aluminum assembly whose major components are a 
10 inch long , 3.125 I.D. tube (.023" wall) with a fill port, end baffle3 or 
discs which seal off the ends of the tube and support the central heat pipe, 
and the circular aluminum fins which are brazed to the heat pipe surface. 

The end baffles are welded to the tube and the heat pipe. 


evaporator . 

- Design Details 

Diode 

Pipe: 

Grooves: 


Working Fluid: 
Wick: 

Evaporator Length: 
Condenser Length: 
Overall Length: 


Reservoir 

Material: 

Overall Length: 
Capillaries : 

- number: 

- volume: 
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Prior to filling, the cannister and PCM are stabilized at a tem- 
perature of 23C°F, then the container is evacuated and vacuum filled with 
liquid PCM. 

9-3.4 BASE LINS 

The shuttle baseline thermal control system for remote electronics 
calls for cold plates and cold rails using Freon-21 as the coolant. Branch 
flow rates of 300 lbs/hr and tube insulation thicknesses of .40 inches are 
required to maintain temperature drops belcw 20°F (Reference 14). A cold 
plate for the recorder electronics requires a (UA) =2.22 Btu/Hr-°F. An 
unfinned hollow plate (£ inch opening) provides only 1.31 Btu/Hr-°F. Thus, 
internal finning is required. Choosing surface designation 11.1 from 
reference 15, provides a (UA) of 18.9 Btu/Hr-°F. The resulting pressure 
drop, considering en overall line run of 40 feet, is .402 inches of water, 
which results in a rather minor power penalty of 1.28 (lCf^) watts. The 
total fluid line weight for the 3/8" ID, .020 wall tubing is .133 lb/ft; 
the cold plate weighs .437 lbs. The total system weight is 5.76 lb without 
the insulation and 6.74 lb with it. 

9-3-5 TEST PLAN 

This section describes the thermal testing which will provide a 
performance map of the modular heat sink shown in Figure 9-3.13. 

It calls for bench testing to establish the operating characteristics 
of the component heat pipes, followed by parametric system tests to determine 
system performance under different heat loads and sink temperatures and 
during a simulated 3-g entry condition. 

- C onfiguration 

In order to facilitate 1-g and 3-g testing, the actual system tested 
will use a straight diode heat pipe rather than an L- shaped one. The thermal 
load in the transport beat pipe evaporator, and diode condenser and reservoir 
(when Leeded to simulate entry heating of structure) will be applied by using 
heater libbon and Variac type control devices. When required, the diode 
condenser and reservoir will be cooled by a spray bath. 


(SRU&ffttAN 


TWER 




fir 


M indicated in Figure 9-3.13, thermocouples will be placed aide!, 

the outside of each heat pipe, and at various locatlona in the phase change 

. .. . — w- — ^ a i i + enif ojia on the internax fins, 

material cannister, dolq ^ 1* 

By this means, the thermal performance of the system tested can be closely 
monitored. 


The facility requirements are summarized below: 


Power: 

Instrumentation : 

Coolant : 
Centrifuge: 


Two variac channels, 100 watts each 

w.->«cLout and recording provisions (strip 
charts) for '+0 Cu-Cn thermocouples 

Methanol spray bath, with inlet temperature 
controllable between -50 F and 1x0 F 

Up to 3-g, with provisions for the thermo- 
couple and variac channels. 


_ Tpst Procedure 

lab’- 9-3.4 presents a summary of the test program. Tests #1 and ft, 
which may be condneted concurrchtly, provide perforate data for the systes, 
components. Test #1 is the bench test of the diode, and will provide capac 
data in the forward mode, leakage in the reverse mode, and information abo 
diode shutoff/startup characteristlce . Test ft is the bench test of the 
transport heat pipe/PCM container assembly; thermal capacity te ting of the 
heat Pipe will be performed first, and then the PCM will be evaluated. 

After the two assemblies are Joined to form tbs modular sink system, 
subsequent tests (#3 through ft 0) will he conducted to det.n^ne myste, per- 
formance under realistic mission conditions. Tests #3 through #11 will 
cate tbe temperatures the transport heat pipe evaporator will attain under 
several different sink conditions. These tests, as well as tests t* throug 
Z will be condneted with a slight adverse tilt (i.e„ condenser be low 
^orator) to eliminate puddling contributions. During tbe latter^hree 
tes'ts the diode sink temperature will be varied to duplicate a typ-ca 
entry' heating end cooling pattern. Tests ft 5 though #17 duplicate^ the 
loads of a typical equipment dissipation cycle with fixed diode sink tem- 
peratures , 1 test #18 comhines this typical dissipation cycle heat load 
Ulth am entry heating and cooling pattern imposed on tbe diode. 
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TAB IE 9-3*4 - TEST PLAN 


Test # 

Equipment 

T Sink 

Comments 


i 

• 

- 

Bench test of diode 

i 

2 

*■ 

- 

Bench test of transport 
HP/PCM assembly 

i 

3 

5 watts 

-40°F 


i 

4 

15 watts 

-40°F 


" ) 

5 

40 watts 

-40°F 


j 

6 

5 watts 

30°F 

Steady State 


7 

15 watts 

30°F 

Performance 

i 

t I 

8 

40 watts 

30°F 



9 

5 watts 

110°F 


i 

t 

i 

10 

15 watts 

110°F 


. 1 

11 

40 watts 

110°F 


I 

12 

5 watts 

entry 

heating & cooling pattern 

t 

13 

15 watts 

entry heating & cooling pattern 

t 

t 

14 

40 watts 

entry beating & cooling pattern 

i 

15 

typical equipment 
dissipation cycle 

-40°F 

) 

16 

typical equipment 
dissipation cycle 

30 °i 

a 

, \ 

' ') 

17 

typical equipment 
dissipation cycle 

ho°f 

i 

18 

typical equipment dissipation cycle - 
cooling pattern 

entry heating and 

• i 

19 

typical equipment dissipation cycle - 
cooling pattern 

entry heating and 

'■ i 

i 

20 

typical equipment 
cooling pattern 

dissipation cycle - 

entry heating and 

j 

■'i 

\ 



Test #19 duplicates the loads and temperatures of test #18 with 
the system mounted vertically so that the heat pipes are operating in 
the reflux ooiler mode (i.e., heat source down and heat sink uo). This 
test simulates the g-vector orientation of the system during entry and 
post-landing ground standby. 

For Test #20, the system will be mounted cn a centrifuge so that 
the effective g-vector will have the same orientation as in the reflux 
boiler test, and, at 3-g, the load of test #18 will be imposed to establish 
the system's ability to function under entry conditions. 

9-3.6 CONCLUSIO NS 

For this application, the modular sink weighs 4.45 pounds vs. the 
baseline weight of 0.74 pounds. Of greater, more universal importance, 
the modular sink provides a self -contained thermal control system for 
remote components and thereby eliminates multiple, complicated flow paths 
with their inherent balancing and leak problems. Additional applications 
to the shuttle include: rate gyi -03 and gyrobatteries located between the 

IK and IOX tanks of the H-0 tank assembly, and actuator electronics associated 
with engine gimballing and landing gear operation. 

Hie nodular heat sink thermal control concept has broad applicability 
to remotely located heat sources , and can be manufactured with current tech- 
nology and methods. 


9-73 






EOLDOUT FRAME. 


• f-r.---.--M 

! i» no —i 

— : r -* I - • T * Ji.L* i 


• -* U ! ± // 

• +- L r HTi/'T T i' 

( nf > — i I : 

ju tit ~- n - 


section C-C 


._£!{- 'T\g 

Lf^l 


• 500 <o EQ VC* •- 


QIQOC MEAT F«P£ \«Q O tSt.y~y £ 

D» <. MAHOC .‘uta ;*£•’/ * 1 * 

DZ r.V^(IHATD« ! ' , 

US ELBOW E 

ot-CGNorN'.cMf V ■ ' 

os-wn^Hvciii (rifc«.utij h I 

K**CU!fN.fc* A*v>.c I ! UX j 1 * , 

(U*^E IW AS WtSlfttl/ CC*.0> f* * 


I .•«:::% & * 


;^'o> — / 2^ 


! V* \ ^"1 N , /“ i ! / \ i ■ 

1— •V'j.v;./v:.>v L r: :~ 

-j- i.Lj. j-V! .: i/(h 

v Vv^'n 


"1 .150 • 

d :.\r m 
,> , 160 
; J. 


.H**i £?0 

I ! 


— j. — u~j - 


L o«ut ,j 




• 0 *llt..j»»-. 0 l»*. l>* 0 ?*S H.UF'j) I 

TO 04: P 1 H CF (f40 IrtfclWMTS) 

{WAL iClE AKtA • ) I 


DCTAIL D 


l ’ ! 

id] 


IW'€*tjAu ^KCO,'cS 

too pu« ,hch < ,c\3 step 


TABLE I 

(T.tfff KiOre 


flight ne covjd' r electronics • 

<w T 7 ms) 


-ntiAiigRR wtes 

t PAf.iu a. d»tc« 


~H -f ; *••»-: 

- J — <fi 

! 1 I 


Vn=^-> 


- , s* 


P f-HA’J 

I MA«I MAI l*N W>i 

> ^KM umnA-'in o rn 

I h.(iH ntuvtY 

-iT«tx.u»<r 

A'j II 


' nOf MumUuwI 

\ .FCfci **#0'vCC l,K ‘ u ' T 

X O IOA?) t«fM 

('fiMB.NMJ C 


//> Ji /' ^c 


to&/«&d t«>c£ Di4 

scei&uwJt 


I ! 


'i:H- 


— } *. *o (»#.« - 


;».-Sg» ,1 


Ti r/vsjiu^ ^ 

ATT <NLMVrNT& Wl 


!fr 


\\ni vifii.m 


/// 'fs 

#/ .v^ 


utwk 't l»AO 
ta *'y< u» wn 
"bT 'AX TlmT 




l‘A 10*0 I 
10 (5WS»T> J 

•-,t«u£.»u»r | 


E-I6AT PIPE C POS'D SECT 

io:») 

h-mUt pipe a*FiG 
* wo P ** T ^ ^rSnr 1 


wokhino.^uk'^ UOI 567 FT 

A.MMG. .lAOlHO - 

•oPIWAL ART ZW \ .OS,Tt*(*l 

50V<0 COPC OtA - O Z '. 

UO OF • ij 

<*p **.:* cm nao C’;««x>o S 
KO r* RT05 - l\> j 

qaTAiMSQ .ot^n'Fr 

■ 5 CCK DiAvC.DV.tn 
WO C« WR 6 * •• fc j 

TKiQli : .OU^T 

*l fv*’ fciOi 

0C-BS2S/s 


' *i|v ^ ^ ( ’ |J 


"~TiOT 

-mti 


.... . 

IN!!M_Jl_ ATOH | j 

MATl: MvLf.fAfW.1 t.lZ IHt&Z. T~ 

I4lf IM^lMC-l lf>* f<« ; • 

(:*•-* V> tLCM n*r,»f wi) . 

IT<TP <i« AU, -•>Ul>’DA.S, | 

: I hoo 

*A» »<M*LAt'IO»l fc«A»4F.CT j 

riw»oics MAT**. . 1 | 

Wlt»* F <£)Vtfin Cf- I I 

oi'O'Z'Sc nw.«.e»_ **ok_ {ucrr}) | 1 _ 

(rw ^o<r FMTlOL •f^Tetvi 

t’ACdPT- *,H(AVNj 


l,^T I P>i*l fi*»/»?^AU ^ \ 

IMC) .Vfft’ti Hi ♦ 


fcfy 




•I«f. f. AT**) Y f 


*• ' rtrf.l '..f »r|A*l 

' * *S • • f**« ' ) 


* f- ft 

~ "r 7 i^ *-..%«•- •' — T 

.fCM**. “*'•''** T <' *“* 

^n.r<-*.u a * 1 A “ *° T *** * 4,> '**' * 


,<j » ■/•■. * o * *■ 

. t V/M *•* ' '• ** ‘ ' 
*. ». « n f 1 ? t*/ 


IIJm*vwii 05 7.S5 ('>" At fc*.V *I&|) 


- t* t; '.<*«€• 

, . / *«,iS’rP 4 *£.** •*■ ^ M -4 A,,> - 


\ Cf*!i »*«*>•£ ft 


!*i ' fw.w ■/* ‘i*y 
M *,••*• -f ✓ *. ■ **.- »-L> 

* * ** uC. * J** ^ l 

Mt 


II; i I # _> vrwt. iw AtTA.c»«».«efjf w, 

M 1 / 

( i •*} / n'fw.w ■/* ■{* y 

»-r~- .r ✓ 

> •';(**< i ' ? ■„■**-.? I* i. f-.V * *i jC.* J*.t L 

' , . ’. ' / . . * «t/-’ 

t , . . * 5 t ' • 

• I M.’-tS***"-' * * - / ’ / . ,/ 

? , J 4 ► . ■ / *, I a — luf.icysiAf.it. t*t.* 

>*!*• M" VTV,/ v , > 

1 . ; : !/%&. 


j i , / ' . 


:v v 


:TT 

w; 

i ' *- 


Et f CTCiON.C^ POR FI.KSkT —j 
flECOHt^U (AP«W1 '♦' « T* . 

(C» cthfr ^’:uly 

COt^TCO COMPONENTS) 


Vl£W LOOKING tNti'D 
QPBtTER — AFT MRUC1 

(sc i A° ) 




fjOLDOUT 


t 


PRECEDING 


?AGF- BT.ANK NOT FILMED 1 


Motes : 


£TVa C?»-fcRvv*Se 




' * Tm£ INTtlsjT C* TMg MC'DULAP MEAT S«MK 

( LE., UX Vjf.:. Q tOA E' >3 ^TP'JCT vqc E*f£l/r oi RE-f *ircv n 

UJAO ooes TO 1 HB ABvORbtRCPC 15 SP 6 Cip!caclV 
/^ucAf-.ue *- E-tx r-o.-Niic compcncnv 
* ,0 ‘VN r-e. r L ic,i*T ,«<opds« 
//Hi i s> t.:«f/iorav i.xaul? 
t^.VT 1M|- C-VfjiTe^ s rLU'D CiCLANf S^^Tcrvl 

*■** A 13 Hf =* vr S'MC. C •* C-JIT W! 

A3SOECT to MS . crgRATiONAL SEOuF^CL 
^^'>5 J* 1 ? C y~!r CJ ' V CvCl£ 53SCK'r^e3 ■ 
»N • -se~£ l C-s& •-. m cciVjca c«i wa>oi,T/ 

.}' WEIt»l*T !V<l;AKDCwN (vViTnOur COvIPC-NjENT) 


~E.\r Pipe v/£LD aISY 
C'Wi^f »« f* AT PtPG V.HuO AIE-*' 
CAN,e,TC« WEED *. t bsV 

C CM- 

im-vj'. .\’'iCN 

■VT * 'j.C __ __ 

toVaTu " 


C.7 

C.<5 

f.2. 


».£ Lfc 


/ 


FIG. 9 - 3.14 

l*mnn **L~~ 


mil mM ■ Jti 

ttWWi ■ 

K)A«> V *20 54 

9 mm v'cro vtsrmurm "1 

.■n**a.«5»iuu j 

■=* . 7» 

J® j» »***««* .WJ 

p^TfcJj ?Tu5 Vrn 
rs39 

v urn* 

I MODULAR MEAT 5INK 
: FLIOHT VOICE RECOROE F 

APPLICATION (lAVQuT 

: 

H 


■i oar 

— 

71 '/a~J ,.%i\ 

“[7 t — [ spm-mi - 

.*« - T . * Kit — f 



*5Tiw J 


PRFXJLDTNG PAGE BLANK NOT FILMED 


9-4 AIR-TO-HEAT PIPE HEAT EXCHANGER 
9-4.1 INTRODUCTION 

Shuttle plans call for the utilization of qualified military and 
commercial avionics equipment where possible as a cost effectiveness 
measure. Such equipment is designed to be cooled by free air convection 
with limitations on temperature and pressure. They will, therefore, be 
housed in sealed racks (see figure 9-4.1) with cooling provided by self- 
contained air circulation systems (sealed and self-contained to retard 
air loss in the event of temporary losses in cabin pressure.) 

The heat exchanger discussed in this section transfers the heat 
picked up by the rack's air circulation system to the heat transport 
section of the vehicle's Environmental Control System. A unique feature 
of this design i3 that the possibility of a water system leak discharging 
fluid into the air stream (a possibility with any direct air/water ex- 
changer) lias been totally eliminated by using heat pipes to separate the 
air and water sides of the exchanger . 

The unit has been sized to handle an avionics heat load of 1800 watts 
plus a 10$ allowance for the fan assembly load. Air temperatures in the 
rack are maintained below 131°F (MIL-E-5400, Class 1 equipment) down to 
pressures of 10' poia, with water temperatures to the exchanger of up to 
70°F. 

9-4.2 ANALfSIS 

As shown in Figure 9-4.2, air at temperature 10 psia (design 
condition), and a flow rate of v air , enters the avionics rack and is heated 
at the rate of 1800 watts to temperature T 2 (l31°F, design value). The air 
moves past the fan assembly and is heated to temperature T^ by the fan 
motor's heat load. The air then enters the air side of the exchanger wherein 
it loses its heat to the evaporator ends of a series of isothermalizer heat 
pipes, exiting at temperature Tj_. 
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The heat absorbed at the evaporator ends of the heat pipes is 
transmitted to the condenser ends where it is dissipated to the fluid in 
the water side of the exchanger. Water enters the exchanger at tempera- 
ture Tt* (70°F, design condition) and a flow rate of (reflecting a 

flow budget of 1 lb. per hour per 8.25 watts of heat), is heated by the 
heat rejected from the heat pipes, and exits at temperature T^. 

As can be seen in figure 9-4.2, the fluid streams are arranged in 
counter-flow. An eigineering judgement was made that maximum design effi- 
ciency would result from a counter-flow configuration in which the heat 

capacities of the two fluid streams were made equal (i.e.. (v!r Cn) = 

.. . . r/ air 

> r =- , wa teii '* By 30 doing, the temperature rise in the water would be 
exactly equal to the temperature drop in the air stream. This, in turn, 
would mean equal heat load to each of the several heat pipes since the 
temperature difference between the air and water streams at any station 
along the flow path would be the same. This last greatly facilitates the 
analysis and cotimization of the system. 

A further decision had to be made concerning the fan assembly require- 
ments. Since fan power requirements are directly dependent on the air system 
pressure drop (and fan efficiency), one or the other must be specified. 
Qualitat../e y, a smaller allowable pressure drop means less fan power required 
but a larger, more complex heat exchanger. In most high performance aircraft 
applications , heat exchanger volume and weight are generally conserved at the 
expense of power since the availability of the latter is rarely limited. 

This philosophy cannot he adopted on Shuttle since the Shuttle must function 
as a spacecraft as well as an aircraft. The power and radiator system weight 
penalties incurred for each watt delivered by the fuel cell system while in 
orbit are substantial (0.485 lb/watt). While one would therefore tend to 
require as low a fan load as possible, there is a practical limit. below which 
the required air passages and extended surfaces become impractical from a 
manufacturing viewpoint. 

A decision was made to allow a fan power budget of 10 % of the avionics 
heat load, and design the exchanger for the corresponding pressure drop, 
ftars value, though ultimate ly met by the final design, proved to be quite 
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stringent and was the pacing requirement in the design. Though initially 
a "guesstimate", the 10$ figure has proven to be a valid lower limit for a 
practical design. 


The above restrictions completely define the design envelope, and 
permit calculation of the system temperatures, flow rates, and required 

UA Total- 111886 are: 


* 

w 

water 

= 240 lbs/hr 

• 

W air 

= 1000 ib3/hr 

T i 

= 105. 4°P 

T 2 

= 13 1°F 

T 3 

= 133. 6°F 

T 4 

= 70°F 

T 5 

= 98.2°F 


UA Total 




tmi-™ wiisrs Q a X980 watts and 
IWTD = 35.4°F 


UA Total = 191.0 Btu/hr °F 


Since the flow of heat is serial through the air-side, heat pipes, 
and water side, the total thermal resistance may be expressed as the 
algebraic sum of the resistances through each element 


UA Total UA Air UA KP UA Water 

The rationale governing the selection of the size, type, shape, number 
and relative condenser/evaporator lengths of the heat pipes required is 
briefly outlined below. 
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A maximum o/erall exchanger (and thus heat pipe) length was specified ’ j 

at 15 inches, * ' 

» 

Water was selected as the working fluid to be used in the pipes based I 

on its relatively high coefficient of perf ox-manc e. and its unquestioned 
acceptance in a limited toxicity application, ] 


Pipes of square cross-section were selected to facilitate assembly into 
a heat exchanger of prismatic geometry. Ihe planar outer surfaces of these 
pipes could readily be bonded to the rectangular plate-fin type cores to be 
used for the fluid passages. 

Copper was the material of choice for two reasons. First, it has a 
proven compatibility with water. Second, its high thermal conductivity is 
needed to increase the fin conduction effectiveness of the two pipe sides 
not in direct contact with the exchanger’s fluid cores. 

An optimum number of pipes and the relative evaporator and condenser 
section lengths were determined by relating the total heat pipe temperature • 
gradient to the number of pipes and the evaporator section length (see 
Appendix G). Additionally, the evaporator section unit heat flux was 
determined as a function of the same variables. ‘Experience within Grumman 
has indicated that evaporator fluxes should be limited to less than 25 
watts/in to preclude the possibility of local dry-out. Figure 9-4.3 and 
9-4.4 show these relationships plotted. 

On the basis of this analysis, seven pipes were selected as optimum, 
less result in too large a ^ 1 , while more are of ever decreasing incremental 
benefit. 

An evaporator length of 9.5 inches (5.25 inch condenser) vas selected 
for the design. This results in a A T of 10. 9°F and an evaporator flux of 
19.0 watts/in'. While an 8 incli evaporator would have resulted in 10.4°F ^T, 
it was felt the additional 1.5 Inches ( 193 & greater) length on the air side 
would be desirable at the expense of a 5 $ higher AT. 
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Eight pipes were included iu the final design to provide redundancy 
in the event of the loss of any single pipe and to facilitate packaging. 

With seven pipes, each will carry a load of 283 watts over an effective 
length of 7 5/8 inches. Analyses performed on l/2 inch water pipes have 
shown an optimally designed pipe can exhibit transport capacities well in 
excess of this requirement. 


from 


Knowing the £.T and heat load, - was calculated and subtracted 

U TJP 


V : UA Total 


to yield 


UA 


Air 


UA W 


ater 


= 0.00362 Btu/hr °F. 


The major portion of the allowable resistance was allocated to the air-side, 
and split as follows 


0.00278 Btu/hr °F 
0.00084 Btu/hr °F 

An allowable air core pressure drop was determined corresponding to a 
fan power allowance of 180 watts and a fan efficiency of 35 $. Ibis drop is 
1.33 inches of water at 10 psia, 125°F (see Appendix G). 

The design of the plate-fin type air and water cores was performed 
using a Grumma^.-developed technique for sizing a laminar plate-fin heat 
exchanger (reference 17). The method uses a mathematical correlation of 
heat transfer data for the flow of air in rectangular ducts (reference 15 ). 

In particular, it is fovnd that both the product of friction factor and 
R-ij ..olds number, as well as Stanton number, Prandtl number (to a power) ana 
Reynolds number, are constant in the laminar region. By specifying allowable 
UA's, pressure drops, flow length and geometric core arrangement, one nay 
determine the size and number of core layers required as well, as the numbers 
of fins per inch required in the extended surface. 


UA 


Air 


UA Water 
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Figure 9-4.5 details the final exchanger design. The pipes are 
arranged in two rows of four each. On the air-side, a 3-laycr core is 
arranged on either side of each row of pipes. On the water aide, only a 
single leyer core is needed on either side of each row of tubes. 

Though not shown in figure 9-4 • 5 , provisions for a secondary (backup) 
water loop con be provided by adding a second layer of water-side core to 
each of the layers shown. These additional layers would provide the flow 
path for the secondary loop. For the core sizes shown, a 13°F higher rack 
air temperature would result when supplying this secondary water path with 
fluid ut 70°F. This can be compensated for by either supplying secondary 
system water at a lower temperature, or alternatively by re-optimizing the 
basic water core design to reduce this 13°F penalty (i.e., use thicker fin 
material). 

9-4.3 DESIGN 

Since the configuration of this system is dictated by the thermal 
requirements and has been detailed above, the only remaining design task 
is to specify the fabrication methods to be employed. 

As shown in figure 9-4.5* the design consists of two conventional heat 
exchangers connected by 8 water heat pipes of square cross-section. Grumman 
has a proven in-house technique for forming square pipes. Basically, grooves 
are first cut in a circu lar section and then upset formed into a square 
section (see figure 9-4.6). It was decided to select one-half inch (nominal) 
as the basic internal dimension with a 0.028 inch wall. A copper spiral 
artery wicking system has been designed for these pipes. The artery has a 
core diameter of 0.110 inches. The retainer has an outer diameter of 0.250 
inches. (See Figure 9-4.7.) The inside of the heat pipe will be coated with 
Ebonol C prior to soldering of end caps, charging, and sealing. This coating 
increases the ability of the water working fluid to vet the wicking surfaces. 

Both heat exchanger fin configuratiais are constructed of aluminum fins 
(alloy 1100), .008 inches thick, which are brazed to .010" thick face sheets 
(aluminum 606l-T6). The heat exchanger cores are then brazed or soldered to 
the copper heat pipes after appropriate surface treatment. 
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Square Pipe Forming 


HEAT pipe INTERNAL CONFIGURATION 


Items & Uatu 

Working Fluid 
Distilled Water 


Spiral Artery 
Hollow Core Dia. 


- .no 


Retainer 
Sock Pi Q 


(C.D. ) 


.250 


pper 101 (OFHC) 

,STM Spec b 68 > 75 > 2 ®°) 


j Figure 9- 1 * «T 

4 

\ 



i 


The results of a detailed weight anal y a la, done In support of the 
design effort, are given in Table 9-4.1, 

9-4.4 CONCLUSIONS 

The baseline system consists of an enclosed rack, similar to that 
discussed above, winh a heat exchanger that transfers heat directly from 
the circulating air In the rack to the pumped coolant (water) loop. This 
places the fluid side of the exchanger within the equipment enclosure. With 
the heat pipe system, because the coolant lines never enter the circulating 
air enclosure, there Is no risk of electronic equipment damage due to fluid 
leakage in the heat exchanger. 
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9-5 heat pipe radiator for compartment temperature control 
9-5-1 introduction 

The shuttle contains aeveral structural compartments which require 
cn-orbit thermal control. Typically, these are unpressurized and isolated 
by their remote locations or by insulation systems. There are compartments 
for two main landing gears and one nose gear, self-contained RCS modules, 
and air breathing engine compartments. They all share the basic thermal 
requirement. of maintaining their contents between prescribed temperature 
limit3 for all mission phases. This is generally accomplished by both 
insulating the compartment walls and providing a means of controlled heat 
input. The insulation protects against a hot environment while the combina- 
tion of heat addition, and insulation controls the temperature in a cold 
environment. 

Fluid radiators and electrical heaters are being considered as the 
heat sources in the baseline systems. The electrical heaters, in the form 
of heater ribbon, are the simplest to Install since they can be attached 
to the inner walls of tho compartment and require no supporting structure 
of their own. However, electrical power and thermostatic controls must be 
provided and the additional electrical power is a concern because of the 
weight penalty it presents in terms of extra fuel cell capacity and reactant 
requirements . 

The fluid radiator concept utilizes the sensible heat of the Freon- 21 
in the orbiter's heat rejection system. The Freon-21 is tapped from the fuel 
cell coolant outlet, tho warmest point in the heat rejection loop, and circu- 
lated through aluminum panels which line the compartment walls; heat is 
radiated from the panels to the surroundings. The fluid radiators need sup- 
porting structure, by-poso and chut-off controls and protection from tube 
puncture when such a hazard exists. The fluid controls are needed to prevent 
reverse heat transfer during entry. 

The application of a heat pipe 'radiator system for compartment tempera- 
ture control can have power and weight advantages over an electrical system, 
and control and reliability advantages over a conventional fluid radiator. 

The heat pipe radiator system described herein has been designed for the 
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orbiter's lain landing gear compartment, although in principle and 
concept it can be usee! elsewhere. 

9-5.2 ANALYSIS 

As shown in Figure 9-5.1 the radiator system for each compartment 
consists of two heat pipe radiator panels, two diode heat pipes and two 
heat pipe-to-f laid heat exchangers. The heat pipe radiator panels, are 
located on each side of the compartment facing a tire sidewall. 

The heat exchangers are placed in parallel with the fluid flow. 

Thus, the maximum flow rate available to each exchanger ia in proportion 
to the number of HP/fluid exchangers on the same fluid circuit. In this 
case there are a total of four exchangers for both main landing gear com- 
partments, resulting in a maximum available flow rate of 500 lb/hr for 
each exchanger. Each panel is separately connected to the fluid loop by 
a diode heat pipe and heat exchanger. The diode permits heat transfer 
from the fluid to the compartment radiator panel only when the panel, tem- 
perature is less than the fluid temperature. 

Energy is transferred from the fluid to the evaporator section of 
the diode heat pipe by means of the annular EP/f'Luld HX. The diode, 
functioning as a normal heat pipe, then transmits the heat to its condenser 
where it is transferred to the attached evaporator sections of the radiator 
panel feeder heat pipes. The energy is ultimately transferred to the radiator 
surface fro?.; the condenser sections of the feeder heat pipes which arc joined 
to the panel. Whenever the panel temperature exceeds that of the diode 
evaporator the- diode reverses, breaking the heat transfer path between the 
fluid and the radiator panel. 

P esign Requirements and Assumptions 
o Temperature Constraints 



Desired Temperature Range 

Limiting Temperature Range 


Low 

High 

low 

High 

Hydraulic Fluid: 

-20°F 

UOO°F 

-65 °p 

630°?(transient) 

Rubber Tires : 

-50°F 

200°F 

-65°F 

270°F 







o 


0°F to 115°F 


Design Point: Landing gear temperatuxo range » 


o Waste Heat Source 

- Fluid : Freon-21 (C p « .25 Btu/lb^ °F) 

- Flow rate: 500 Ib/hr per diode/ fluid heat exchanger 

- Inlet temperature range: 85°F to 117°F 

o Design Parameters 

The physical properties of the heat pipe working fluids and thermal 
insulation, and heat pipe film coefficients are given in Table 1. 


A thermal contact conductance of 1000 Btu/Hr-Ft 2 -°F was used between 
mechanically bonded aluminum surfaces. It assumes a 64//-inch surface 
finish and the use of wiped silicone grease between the mating surfaces. 


Fin effectiveness values used in the heat transfer calculations for 
the ammonia and Freon heat pipes are given below. They were calculated for 
a uniform heat input over the indicated portion of the circumference. 



7 f 

Uniform Heat Transfer Segment 

Diode Condenser 

.446 

90 ° 

Feeder HP Evaporator 

.545 

90 ° 

Feeder HP Condenser 

.670 

180 ° 

o Orbital Envirorcnent 




An eighteen rxde thermal model of the main landing gear compartment 
was used to establish compartment temperatures as a function of radiator 
panel heat input, insulation thickness, compartment structure emittance and 
orbital flight mode. Figure 9-5.2 shows the idealization, which assumed 

ablative top and bottom surfaces (SIA‘56l), a negligible heat leak through 

2 2 
the compartment sidewalls, and 32 ft of compartment radiator area (l 6 ft 

per panel). The upper compartment surface (node 22) was assumed to be 

completely shadowed from direct solar inputs by the opened cargo bay door. 

The space radiator panels (node 25), which are mounted to the door, were 

fixed at an average temperature of 55°*' • Optical properties for the external 

surfaces were assumed to be those of a flat absorber (o(/£ = . 9 /. 9 ). 
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Based on Reference 1 (Section 6.3*5*4.l), orbital average inputs 
for on earth oriented mode (orbit plane parallel to ecliptic piano) were 
used as the "hot case" inputs, and orbital average inputs for a solar 
inertial inode (polar orbit) were used as the "cold case" inputs. These 
are summarized in Figure 9-5 • 3* 

Average landing gear temperature as a function of insulation thick- 
ness, structural emittance and compartment radiator heat input are given 
in Figure 9-5.4. An emittance of .90 was used for the radiator panels. 
Emittance of .20 and .85 were picked as reasonable bounding values for 
the surrounding compartment structure, although the higher, . 85 , number 
would more accurately represent actual flight structure which has been 
subjected to the rigors of use. Based on these curves the compartment was 
assumed to be insulated with a one inch thickness of TG-15000 since this 
results in reasonable on-orbit landing gear temperatures (0 to 100 F) at 
moderate radiator panel heat inputs (10 to 15 Btu/llr-Ft^) over the selected 
orbital extremes. No attempt was made to weight optimize the system. 

System Design and Analysis 

Figures 9-5*5 and 9-5*6 show the variation in landing gear and 
radiator panel temperature as a function of radiator heat input for the 
solar inertial and earth oriented flight modes, respectively. From 
Figure 9-5.5, assuming a structure emittance of . 85 > the minimum on-orbit 
Iroiding gear temperature can be limited to 0°F by supplying 320 Btu/iir to 
the compartment (10 Btu/Hr-Ft 2 of radiator). This same heat input during 
an earth oriented flight mode (Figure 9-5*6) will result in an upper tem- 
perature limit of about 50°F. 

0 Generalized System Equations and Analysi s Procedure 
System Equations 

The following relationships define the temperatures throughout the 
heat pipe radiator system as represented in Figure 9-5*7* Refer to Table 
9 - 5.1 for symbol definitions. 

1 . Heat transferred from fluid (Q): 

Q - mC p (T in - T out ) 
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ORBITAL ENVIRONMENT 


o Earth Oriented Mode 

- Orbit Plane Parallel to Ecliptic Plane 

p 

Incident Energy (Btu/Hr-Ft ) 
Solar Albedo IR 


Top Surface : 

l4o 

0 

0 

Bottom Surface : 

11 

4l 

6l 


o Solar Inertial Mode (Polar Orbit) 



P 

Incident Energy (Btu/Hr^Ft ) 
Solar Albedo IR 

Top Surface : 1+42 4 19 



Hot Case : 
Cold Case : 


Top Surface * 
(S + a) IR 

0 0 

4 19 


B ottom Surface 
(S + a) IR 

52 61 

0 19 


♦Includes blockage by cargo bay doors 
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FIG. 9-5.4 - AVERAGE LANDING GEAR TEMPERATURE vs. INSULATION THICKNESS 

& COMPARTMENT RADIATOR HEAT INPUT 
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LANDING C-EAR TEMPERATURE vs. RADIATOR SURFACE HEAT INPUT 


FIG. 9-5-5 - 


o .Solar Inertial Orbit 

o Insulation Thicknese = 1 inch (TG-15000) 




Radiator Surface Heat Input, Btu/Hr-Ft^ 
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Temperature 


9 - 5.6 - LANDING GEAR TEMPERATURE VS. RADIATOR SURFACE HEAT INPUT 
o Earth Oriented Orbit 

o Insulation Thickness = 1 inch (TG-15000) 

Insulation 

Radiator 



2 

Radiator Surface Heat Input, Duu/Hr-Ft 
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FIG. 9-5*7 


HP RADIATOR SYSTEM SCHEMATIC 


HP If?. 



(1) - Fin Root 

(2) - Feeder HP Vapor 

(3) - Feeder HP Evaporator Wall 

(4) - Header Condenser Vail 

( 5 ) - Header Vapor 

(3) - Effective Compartment Sink 





TABLE 9-9.1 


NOMENCLATURE 


Q 

N 

(mCp) 

V 

k r 

n fr 

T 

£r 

A 

h 

h c 


Total radiator panel heat rejection 
number of heat pipes on radiator panel 
mass flow x specific heat for Freon-21 
heat exchanger effectiveness 
Reynolds Number 
Prandtl Number 

radiator panel fin effectiveness 

fin efficiency 

temperature. 

surface emittance 

radiator panel area 

contact surface area feeder HP to header 
HP surface area, internal 
heat transfer film coefficient 

interface contact conductance -- 1000 Btu/Kr-Ft 2 -°F 
(377 P3' : needed) 700 psi used) 


Subscripts 

R = radiator surface 

1 = radiator panel fin root (feeder HP outside 

condenser wall) 

2 ' = feeder HP vapor 

3 = feeder HP evaporator outer wall 

h = header HP condenser outer wall 

5 = header HP vapor 

Cl = condenser HP ffl (diode header) 

C2 = condenser HP jfe (feeder HP) 

e2 = evaporator HP #2 (feeder HP) 

£ = sink 
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2a. Diode header vapor temperature (T5): 


Te s Ti 

P ID 


(T i» - V-t> 


2b. Heat exchanger effectiveness l£h 

4 -«A 

£ = 1-e mCp 

3- Diode header condenser wall (T }+ ): 


= T, - 


js£l 


5 ^ 

Feeder HP evaporator wall (T3); 

m „ m 0/» 

3 '* »C *0 

5. Feeder HP vapor (T2): 


T . T - -r-Sh L 

2 3 



6. Radiator Panel Root Temperature (T^): 


T 2- 


Hl'L 


°?F C? h C 2 


Equations 1 thru 6 can be combined to express the panel root temperature in 
terms of the fluid in let temperature and a series of temperature drops throughout 
the system. This is done Id equation 8. 



or 


i l ~ T in " ^ T in-5 ~ ^ T 5 -h " ^ T U-3 " ^ T 3-2 “ ^ T 2-l 
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The radiator panel root temperature and surface temperature can 
also be determined by considering the overall heat balance between the 
radiator panels and an effective compartment sink temperature (T s ) as 
defined in Figure 9-5 *8> “which was constructed from the results of the 
network analyses. 

9. Radiator Panel Root Temperature based on compartment heat balance: 



W'So 

>jeB 


* <ST s 



10. Radiator Panel Root Temperature in terms of surface temperature: 


T„ k = *[ T* * (1 - 1| ) Ig" 

or 

*1 m [ij 11 - (1 -Vj) Is 1 *] 

Analy sis Procedure 

To match the system design with system requirements, equations 8 
and 10 must be simultaneously satisfied for a given panel heat dissipa- 
tion. The procedure is, of necessity, an iterative one that con be some- 
v;hat simplified by graphing the expressions. Figure 9-5.9 is a flow chart 
that shows the required input variables and major steps to be followed in 
arriving at a matched design. 


o Radiator Panel 

o 

The basic radiator panel is made of 20 mil aluminum and lies 1 6 ft 
of surface area with a high emittance coating ( £ - *9)* The required 
number of heat pipes per panel (feeder heat pipes) is determined by the 
required panel fin effectiveness. 


Figure 9-5*10 is a general curve which gives the fin effectiveness 
of a rectangular panel as a function of material, root temperature * panel 
thickness and fin length. It assumes a eLnk temperature approximately' equal 
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FIG. 9-5-8 


-V- .... j 

LANDING GEAR COMPARTMENT EFFECTIVE SINK TEMPERATURE 


o Includes 'Weighted' Radiant Energy Contributions 
from Landing Gear & Compartment Walls 
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R « Radiator Surface 
i * Enclosure Surfaces 
S = Effective Sink 
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FIG. 9-5.9 - RADIATOR SYSTEM ANALYSIS PROCEDURE 
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to the root temperature, a situation which is conservative and typical of 
a compartment radiator application. This information was used to generate 
Figure 9-5.11, which gives the fin effectiveness as a function of root tem- 
perature for a 20 mil aluminum panel containing three heat pipes. 

o Heat Pipes 

Preliminary analyses shoved that three heat pipes per panel would 
provide adequate thermal performance and sufficient margin to insure minimum 
landing gear temperatures of at least 0°F. Increasing the number of pipes 
for the sake of obtaining a higher panel fin effectiveness would increase 
weight while providing only nominal increases in system performance • For 
instance, as shown in Figure 9-5*14 using eight heat pipes per panel while 
maintaining 3C$- of full flow through the heat exchanger^ increases panel 
heat dissipation by 1.2 Btu/Hr-Fo 2 (to 15.2 Btu/Kr-Ft 2 ) and results in a 
landing gear temperature of 42°F as opposed to 32°F obtained with the three 
pipe panel. The eight heat pipe panel would weigh about 1 lb/ft 2 compared 
with .74 lb/ft 2 for the three heat pipe panel. 

Each heat pipe in the system was designed to provide at least five 

times the required design point capacity to accomodate any changes in load 

\ 

without impacting the number or size of the heat pipes. At the O F (landing 
gear temperature) design point each panel must carry 47 watts, or about 18 
watts per feeder heat pipe; the diode heat pipe must carry the entire 47 watt 
load. One-half inch ID pipes were selected since they give reasonable cir- 
cumferential heat transfer area without excessive over capacity and they are 
easy to work with. 

The artery designs were optimized, using Reference 13, for the 
specified lengths and working fluids (Freon-21 for the feeder hee.t pipes 
and ammonia for the diode) and resulted in spiral artcry/tunncl wick designs 
being selected for both cases. Hie results, in the form of capacity versus 
operating temperature are presented in Figure 9-5.12. At 40°F a feeder heat 
pipe can transport 95 watts and the diode, 740 watts. 
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FIG. 9-5*12 - HEAT PIPE TRANSPORT CAPACITIES 
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o Heat Exchanger 


The heat pipo-to-fluid heat exchanger consists of a finned annular 
passage which completely surrounds the centrally positioned evaporator of 
the diode. The methods and procedures in Reference 15 were used for the 
design and analysis-, with surface designation 11.1 (ll.l fins per inch, £ 
inch high) selected as the fin configuration. This resulted in an exchanger 
annulus with fins, .714 in 2 of free flow area, and a hydraulic diameter of 
.1685 in. Ita performance characteristics as a function of flow rate are 
presented in Figure 9-5.13. 


o System Performance 

To determine system performance, the analysis procedure previously- 
cited was followed for a system using three heat pipes per panel and a 
five inch long heat exchanger. For a general system with N number of feeder 
pipes and a heat exchanger ler pth, L, equation 8 becomes: 

which simplifies to the folia ng equation for N = 3, L = 5 In. : 



1 


+ .032 


The above expression and equation 10 are plotted as a function of heat 
dissipation (Q/A) in Figure 9-5.14, the intercept points define the system 
performance at the indicated flow rates. As sham, a heat exchanger flow 
rate of only 3$ of full flow will provide the necessary 10 Btu/Hr-Ft 2 needed 
to maintain a 0°F landing gear temperature (refer to Figure 9-5.5). However, 
by increasing the flow to just 30$ of full flow the system will provide .14 
I3tu/Hr-Ft 2 and a minimum landing gear temperatrxe of 32°F. Thus, a 30$ 
flow rate was specified for the exchanger. 
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FIG. 9-5.14 - HP RADIATOR SYSTEM PERFORMANCE 
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The pressure drop through the exchanger can be expressed uu (see 
Reference 15): 




( 4 ) 


2 


(-¥) ■ **«.] 


^HT 


where f is the friction factor, — - is the ratio of heat transfer to 
= “ — j and = both core and exchanger 

entrance and exit losses. For the 30$ flow condition, f » ,015 and 
^Losses ^ 2 *42 * ae P ressure drop (in psi) as a function of exchanger 
length CL) becomes: 


AP = (10* 3 ) .435 L + 2.k2~\ 


The^P thru a 5 inch long exchanger is 4.6 (lO*^) psi. This can be stated 
in terms of a power penalty as 


W = ^ = ,I+I * 6 ( 10 ’ 3 ) vatts 


which is of negligible impact on the system weight. 

The system weight (wet) as given in Table 9-5.2, is .74 lbo/ft of 
radiator area, or 23.6 lbs. total per compartment. 


9-5.3 DESIGN 

The design details of the heat pipe radiator system for the main 
landing gear compartment are shown in drawing S PL- 103- Each compartment 
radiator panel has 16 ft of surface area coated vith a high emittancc 
paint (£ = .90), and three l/2 inch I.D. "L" shaped aluminum heat pi pen , 
approximately 6 inches by 52 inchee. The long leg (condenser section) of 
the heat pipes are bonded (brazed or welded) to the 20 rail thick aluminum 
(6061-T6) panel every 16.8 inches,' providing a radiator fin effectiveness 
which varies from fl$ to 5 4$ over the operating range of Uo to 115°F . The 
evaporator sections (short leg) are clamped to the condenser of the diode 


'l 
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TABUS 9-5. P. - WEIGHTS : HEAT PIPE RADIATOR APPLICATION - MAIN Tj/G COMPARTMENT ORBITER SPL-103 



heat pipe with about *+00 psi contact pressure. The attachment interfaces 
are milled flat surface (.45 inches wide, 64^ inch RMS) which can be 
either wiped with silicon grease or soft soldered to increase contact con*. 
ductance. The soft solder would provide much better thermal conductance 
but at a sacrifice in joint maintainability; therefore, a wiped silicone 
grease interface was assumed for design and analysis purposes. 

At the design point each panel heat pipe is required to carry about 
23 watts; 68 watts are needed per panel. The artery design was opt imi sed 
for the specified dimensions and Freon-21 as the working fluid. This 
resulted in a spiral artery/tunnel wick having a 95 watt capacity at 40°F. 
Details of the feeder heat pipes follow. 


o P anel Feeder Heat Pipe (3 per panel) 


Pipe: 

Grooves: 

Diameter : 

Working Fluid: 
Wick: 

Evaporator Length: 
Condenser Length: 
Overall Length: 


Aluminum, 6061-T6 

Circumferential 

.500 in I.D. 

.564 in O.D. 

Freon-21 (Charge = 52.6 gms) 

Spiral Artery/Tunnel Wick (.062" core) 
6 inches 
52 inches 

58 inches (L-shaped) 


Hie diode heat pipe shown in the drawing operates on the liquid 
blockage principle. When the temperature of the condenser exceeds that 
of the evaporator, the excess fluid which is held in a reservoir at the 
condenser end vaporises. This excess fluid vapor then travels to the 
now cooler evaporator where it condenses and fills the ve.por space, 
thereby "choking" the heat pipe. 


The diode heat pipe is require! to carry the entire 68 watt load 
of a radiator panel. It is a l/2 inch I.D. aluminum pipe with a 5 inch 
evaporator, 40 inch condenser and 2 inch transport section. It uses 
ammonia as its working fluid and has an optimized spiral artery /tunnel 
wick which can provide a 370 watt capacity at, the design point. The liquid 
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blockage reservoir contains .9 in^ of ammonia, or enough to flood the 
evaporator and the transport section in the reverse mode. Details of 
the diode heat pipe follow. 

o Diode 

Pipe: 

Grooves : 

Diameter : 

Working Fluid: 

Wick: 

Evaporator Length: 

Condenser Length: 

Overall Length: 


Aluminum, 6O6I-T6 
2.8 inches 

.060" dia. x 2.34 inches long 
125 

.384 in 3 / in 

To overcome difficulties associated with priming the vapor space 
in the blocked sections of the diode during ground testing in the shutoff 
mode, an alternate diode concept could be employed - the liquid trap diode. 

The liquid trap diode design uses a wick- lined reservoir located at the 
evaporator section of the diode. The trap wick Is separate from, and does 
not communicate with, the wick in the operating portion of the diode. 

In the normal mode of operation, the trap is dry, and the diode 
operates as an ordinary heat pipe, with the correct amount of working fluid 
for the wick design employed. When the liquid-trap end becomes the cold end 
of the pipe, condensation begins to occur on the liquid trap surfaces, as 
well as on the evaporator erd internal surfaces. A3 .liquid accumulates in 
the trap, the main heat pipe wick becomes underfilled causing a fairly rapid 
reduction in pumping capacity. EventuaHv, the main wick dries out completely 
and all the liquid is in the trap. 
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Material: 
Overall Length: 
Capillaries: 

- number: 

- volume: 


Aluminum, 6061-T6 

Circumferential 

.500 in I.D. 

.590 in O.D. 

Ammonia, Charge = 21.6 gms(HP)+ 

9.4 gms (Reservoir) 

Spiral Artery/Tunnel Wick (.062" core) 
5 inches 
39.6 inches 

49.4 inches (including reservoir) 




When the trap end again becomes the warm end, the trap acts as an 
evaporator until all the liquid is expelled. The trap volume requirement 
is based on the amount of liquid in the main heat pipe wick, and would 
appear to be most attractive for wicks having a relatively small volume. 
In contrast with the liquid blockage technique, it has very little de- 
pendence on vapor-space volume but takes longer to shutoff. 


The trap reservoir is made by filling an aluminum cylinder with 
200 x 200 aluminum mesh entrapping a void volume sufficient to hold the 
entire operating fluid charge. Details of a liquid trap reservoir designed 
for this application follow. 


o Liquid Trap Reservoir 

Material: 

Cylinder : 

Mesh : 

Void Volume: 
Required Length: 


Aluminum, 6061-T6 
1.00 inch O.D., .035 wall 
200 x 200 spiral wrap 
.64 in^/in 
5.2 inches 


Each heat pipe-to-fluid heat exchanger consists of a finned annular 
passage which completely surrounds the centrally positioned evaporator of 
the diode heat pipe. There are 30 aluminum fins in the annulus; each .010 
inch thick and .250 inch high. They are aluminum brazed to the outer surface 
of the evaporator. The heat transfer length in the exchanger is 5 inches; a 
length consistent with the limiting design heat flux density of 25 watts/in 2 
of heat pipe surface area, and the design point diode capacity. Tie finned 
passage of the heat exchanger is the same no matter what diode design is 
used. However, for the liquid trap diode, the exchanger would be modified 
slightly to s’irround the trap reservoir. 


When installed in a compartment, the entire system, except for the 
radiating surface of the panel, would be encased in a fibrous insulation 
blanket to min im ize heat losses and to insure predictable perfor man ce 
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9 - 5.4 BASELINE 
- Electrical Heaters - 

For a system whose electrical power is not eventually picked up by 
the shuttle ECS, the weight penalty for each required watt is given as : 

i , ■ 

= .200 + .235 ($ duty cycle) 

Providing l 4 Btu/Hr-Ft with an 82$ duty cycle results in a weight penalty 
of 1.61 lb/ft 2 of radiator. 



The following relationships define the temjierature throughout the fluid 
radiator system. 

1 . Heat transferred from fluid (Q): 
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3. Mean fluid temperature (T^,): 


T f “ T x + A T 


LM 


T 1 + 


T - T 
In out 

In fen - T 1 V 

l T ouf T 1 


4 . Flow Equations : 
laminar 


hD K 


3.66 


Turbulent 


Cp in/ A 


.023 


■2/3 


(V 


.2 


f =: 


16 

n r 


f » 


8 (.023 ) 

<V * 2 


5. Radiator root temperature based on compartment heat balance: 


(Q/A) 


- 

1 \ £r 


+ 


6. Radiator surface temperature (T-) 

h 


R 


t*i * ( 1 -t> v 


Assuming a series pass three-tube panel end 30$ of full flow, the fin root 
temperature can be expressed as 

T 1 ° T in " '° 3 ^ 2 Q 


This expression is plotted in Figure 9-5.14 ae a dashed line, and can be 
compared with the heat pipe system. It shows a heat delivery capability of 
15.5 Btu/Hr-Ft which results in a minimum landing gear temperature, from 
Figure 9-5 • 5 * of about 44°F and an average panel surface temperature of 62°F 
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The pressure drop, expressed in general as: 


AP 




+ 


5 \ 

u Losses ' 


is calculated to be .0162 psi per panel, which results in a power penalty 
of .0016 watts/ panel. 


The panel weights are estimated from the design drawing (SPL-103) 
as follows: 


WT * Panel + Stiffeners + Support Hardware + Tubes + Fluid + Bumpers 
» 4.52 + 2.27 + 1 + 2.54 + .765 
* 11.095 + l/2 lb (for fittings) 

0 11.095 lb + 1 lb (for by-pass sensor and control) 

WT *» 12.095 lb or .78 lb/ft 2 of panel 

9-5.5 CONC IDS IORS 

The heat pipe radiator system, as described, is capable of maintaining 
the on-orbit main landing gear temperatures between 32°F and 117°F with a heat 
exchanger flow rate of 150 lb/hr, or only 30$ of the maximum available rate. 
The system weighs .74 pounds per ft 2 of radiator surface vs. .78 lbs/ft 2 for 
a conventional fluid radiator , while the weight penalty for a system which 
uses electrical heaters would bo 1.61 lb/ft 2 . In addition to the power and 
weight advantages over the baseline systems, the heat pipe system is simpler 
and more reliable due to the inherent self-controlling features of its diode 
header. 
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SECTION 10 


CONCLUSIONS 

Heat pipe applications for the shuttle have been found which either 
supplement or replace conventional thermal control systems. They present 
viable alternatives offering possible perf oraance , weight and reliability 
advantages. Existing technology has proven the performance capabilities 
of the heat pipe as an individual component and pointed out its unique 
control and reliability features. Heat pipes have been successfully 
operated as simple heat pipes, thermal diodes and variable conductance 
heat pipes. 

The mo3t practicable shuttle heat pipe applications, having the best 
chance of initial implementation, exist in the lew temperature regime (-40°F 
to 150°F) and require moderate heat transport capacities (500 to 10,000 
watt-inches). Artery-type heat pipes ia finely grooved envelopes are best 
suited to meet these requirements because their high capacities provide 
large safety margins, and their high evaporator and condenser film coeffi- 
cients result in lower overall syf.tem temperature gradients - hence, more 
thermally efficient heat pipe systems. They also self -prime and function 
in a gravity field, which is mandatory since these systems must not only be 
ground tested in l-"g" but might also be called upon to operate on the 
launch part, during boost and entry and possibly during earthbound ferry 
missions. 

Heat pipe systems intended for crew inhabited areas must use water 
as the primary working fluid because of stringent toxicity requirements. 

A slightly less toxic fluid, such as Freon-21, might be acceptable ns a 
back-up if it exists in very small concentrations. Operating temperature 
and transport capacity requirements and material compatibility problems 
govern the selection of a working fluid outside the crew areas. Ammonia, 
Freon, methanol and acetone are all among the candidates. Only the unique 
requirements of a specific application and the working experience and 
practical knowledge of the contractor *111 determine the choice. 
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From a systems viewpoint, the external evaporator and condenser 
interfaces present the biggest problems in creating viable heat pipe 
thermal control systems. Interface conductances must be high to minimize 
thermal gradients as large gradients can easily compromise the benefits of 
a heat pipe system by requiring larger sink or source capacities to accom- 
modate the required load. 

Heat pipes which couple directly to a constant temperature, large 
capacity sink or source provide the most thermally efficient system since 
they result in the least overall temperature gradient from source to oink. 
In thio case, the presence of the heat pipes does not affect its own 
operating temperature. With a non-uniform source such as a hot flowing 
fluid, the source temperature applied to the heat pipe evaporator varies 
from the fluid inlet to the fluid outlet; the lower outlet temperature 
bolng a function of the heat load transferred to the evaporator. Since the 
hoat pipe evaporator section may be viewed as a heat exchanger between the 
fluid and the isothermal heat pipe vapor, the beat pipe vapor must operate 
at the less efficient fluid outlet temperature. With a non-uniform sink in 
contact with a heat pipe condenser, a HP system is similarly penalized by 
being forced to operate at the higher outlet temperature in order to reject 
its heat. This penalty is passed back through the system and results in a 
higher source temperature. When the system heat load requirements are not 
large, the resulting temperature penalties imposed by a non-uniform source 
or sink are small, and do not detract frem the overall benefits of using 
heat pipe3. But when carrying large loads, a heat pipe system coupled to 
iv non-uniform source or sink can result in prohibitive weight and per- 
formance disadvantages. 

From a heat pipe point of view, the most important parameters for 
successfully integrating heat pipes with a thermal control system are high 
cvu]>orator and condenser film heat transfer coefficients. They are a must 
to minimize the overall temperature drop across the heat pipe. Circum- 
ferentially grooved heat pipe envelopes (up to 200 grooves/inch ) have 
proven the most successful, to date, at satisfying this important need. 
Depending on the working fluid, evaporator film coefficients from 1500 - 
2700 Btu/Hr-Ft^ and condenser coiflicients from 2000 - 3500 Btu/Hr-Ft^ 
havo been verified by test (Reference 18). 


10-2 





SECTION 11 
COMMENDATIONS 

The sustained, rapid advance mode in heat pipe technology and 
hardware points to the imminent and widespread acceptance of heat pipe 
thermal control systems for both manned and unmanned spacecraft. Heat 
pipes have progressed beyond the laboratory curiosity stage and their 
unique performance capabilities cannot be denied - the time has come to 
put them to the proper test. 

When properly integrated into the Shuttle, heat pipes could 
result in lighter, simpler, more reliable thermal control systems with 
greater operating efficiency. A a a step toward realizing these potential 
benefits on the Shuttle, it is recommended that confidence in the capa- 
bilities of the selected heat pipe systems be firmly established by 
building and testing the prototype hardware. 
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APPE53DIX A-l 


SHUTTLE :~AT PIPE APPLICATION - IDEOT IFICATI ON SHEET 


A -1.1 

Ami'Ll CAJIOH i rppg Laadlng Edge to lower & equalize temperatures 

SUnnvSTCM : Structure IO CATIOH : Wing, Vertical Fin 

BASELINE T/C SYSTEM : Carbcn/Carbcn 


MISSION 

PHASE 


Reentry 


TEMP 

LEVEL (°F) 
Fins 2600 
Wings 2T8O-0318O 


HEAT TRANSPORT 

LOAD (BTU/Ha) LENGTH (FT) 

n.8 (10 4 ) BTU/lIR FT 1 2 <lk' (LE to side panels 

15.2-23.2 (I0 k ) DTU/HR FI 2 . <65- (entire L.E, ) 


(a) One application is an isotherKolizer HP buried in tte carbon/carbon and 
running along the leading edge. The working fluid could be contained in integral 
channels or in separate pipes placed in these channels. 

(b) Another application is to transport the heat frota the IE to the upper wing panels 
(for the wing) or aide panels (for the fin). 


ADVANTAGES 

■1.1 11 ■ — ■ 1 mrntm 

1. Lower temperatures, eopeci&lly bilow 
2900 c F, mean a much longer life for 
carbon/carbon 

2. Application of HP's minimize Impact 
of uncertainties iu predicted 
eurfacQ temperatures* 


DISADVANTAGE S 

1, Faterielc cofjpatibility problems at 
high temps (>1700°F) for liquid 
metal HP^. 

2, Possible weight penalty. 


(X>MMEHTS : , ' 

Requires liquid metal heat pipes* Pipes can be installed so that inertia hsips pump 
fluid from eond. to evaporator* 


A-l 


RATING : 2 
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HEAT SOUBCE/Sltac IDENTIFICATION - OORTUnJAiTION SHEET HO. 1 


a. Wi ng LE Isothsraallzor 



7 

l 

Evaporator 



c. Fin LE to Side Panels 


1000® F 



. Temps 
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shuttle hpat pipe application - identification sheet 


A-1.2 

APPLICATION : landing Goar 

SUBSYSTEM : Structure LOCATION : Wheel Wells, Main and Fwd 

BASELINE T/c SYSTEM : Fluid Loop Radiators or Electric Heaters 

TEMP HEAT TRANS TORT 

IEVEL (°F) LOAD (BTU/HR) . IENCTH ( FT ) 

-65 to 270 1025 per compartment Rad. HP: <3 

Headers : < 10 

DESCRIPTION ; HP radiating ourfaces line wheel well and transfer heat to tire 

compartment and hydraulics during on-orbit phase. Heat source is internal 
structure or ECS heattransport section. A diode heat pipe, permitting flow only 

toward wheel well, prevents leakage back into the heat transport section durine; 
reentry. 


MISSION 

PHASE 

On-Orbit 

Reentry 


w 


ADVANTAGES 


DISADVANTAGES 


1 . No electrical power l'eq'd. 

2. No moving parts or circulating fluids 

3 . No fluid connections. 

4. Self -controlling. 

5 . Improved reliability over fluid 
radiator since It can survive 
accidental impact of foreign 

object during landing. 


1. May require flexible HP joint. 


C0MMEEmjj_ 

Protection from reentry can bo obtained by increasing insulation thicknesses surrounding 
the compartments. 
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SHUTTLE HEAT PIPE APPLICATION - IDENTIFICATION SHEET 


’PLICATION: Avionics HP Circuit 


A-1.3 


} 

I 


JBSYSTEM: Avionics 


LOCATION : Cabin 


T / c SYSTEM: Fluid Loop (HgO for heat transport section, F21 for heat rejection section). 


MISSION 

PHASE 

All 


ASCRIPTION; 


TEMP 

LEVEL (°F) 
40 to 90 


HEAT 

LOAD (BTU/HR) 
6800 


TRANSPORT 
IENS TH (FT) 

<12 (each pipe) 


n 


.i 


Series- parallel connection of HP's to transfer heat from electronics to fluid 
loop or to space radiator. 


n 


T'l 

i 1 


ADVANTAGES 


DISADVANTAGES 


1 . No fluid couplings. 

2. No moving parts or rotating 
machinery (no noise). 

3 . Mo electrical power req'd. 

A, Offers high design flexibility 
during early design phases. No 
delicate flow splits or pressure 
drop analysis required for each 
loop change. 


1. Possible high ZiT's across HP interface 
couplings, resulting in lower radiator 
temp, or higher eqpt. temp. 





n 

n 

n 



DMMENTS- : 

Alternate sink necessary for other than on-orbit condition. 
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SHUTTLE HEAT PIPE APPLICATION - IDENTIFICATION SHEET 

A-1.4 

APPLICATION ; HP/Phase Change Remote Sinks (i.e.. Modular Sinks) 


SUBSYSTEM: Avionics 

LOCATION: 


BASELINE T/C SYSTEM: 

ECS loop (intermittently operated avionics) 


MISSION 

TEMP 

HEAT 

TRANSPORT 

PHASE 

LEVEL (°F) 

LOAD (BTU/HH) 

LENGTH (FT) 

All 

50-100 

500 

1 

2 


DESCRIPTION ; 

HP's imbedded in suitable phase change material and connected to a common mounting 
interface (e.g., cold plate or rail) to which tha component to be cooled is mounted , 
Phase change mater:lal is connected in turn to a radiating surface or suitable 
structure. 


r.T : 





ADVANTAGES 


DISADVANTAGES 


1. Eliminates special runs of ECS 1. Weight penalty must be traded off with 

lipps to remote equipment. total ECS savings. 

2. Self-sufficient system. 

3. No electrical power req’d. ■ 

4. Flexible designs 
5* Simple. 

6. High Q's in short time can be de- 
signed as low Q over longer time. 



COMMENTS :. 

Typical Eo.uip, Applications : Control Electronics ( Air Surface, engines), Rate Sensor 

Communications equip. (L Band Tacan, c band altimeter, L band transponder, W ATC 
transceivers ) 

4 c RATING: 2 



SHUTTLE HEAT PIPE APPLICATION - IDENTIFICATION SHEET 


\ 



abdication: 

SUBSYSTEM: 


Air Transport Rack (ATR) Commercial and Militai'y Aircraft Equipment 
Avionic r. LOCATION : Pressurized Cabin 


BA3ELTHE l/C SYSTEM : Equipment is off-tha-sheLf air cooled design 


MISSION TEMP HEAT TRANSPORT 

PHASE LEVEL (°F) TOAD (BTU/HK) LENGTH (FT) 

All J «1 to 120 5000 

to 

6150 (Total Equipments) 

DESCRIPTI ON: 

Modular HP to air heat exchanger elements vithin an air circulating enclocure 
remove heat from forced air pausing over and through the electronic boxee. 

Eventual sink could be space radiators (on-orbit) or boilers. 


ADVANTAGES 

1 . Eliminates flow balancing problems 
associated with fluid Hx. 

2. Easy assembly and maintenance. 

3 . Equipment growth flexibility. 

If. Standardized approach for 

adaptation of ATR equipment cooling. 

5 . Low cost commercial equipment can 
be used in space with minimum 
design impact. 

6 . No fluid connections. 


DISADVANTAGES 

1 . leak resulting in loss of air would cause 
cooling failure, must provide backup 
for critical eqp'mt. 


COMMENTS: 

Baseline T/C system for air cooled equipment would also need backup 
in case of depressurization. 
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SHUTTLE HEAT PIPE APPLICATION - IDE CTIPi CATION SHEET 

A-1.6 

AgPLICATIOIT ; Flight & Voice Reorder 

SUBSYSTEM : Avionics LOCATION : Vertical Fin 

BASELINE T/C SYSTEM* : ECS Fluid Loop 


MISSION 

TEMP 

HEAT 

TRANSPORT 

PHASE 

LEVEL (°F) 

LOAD (3TU/KR) 

LENGTH (IT 

All 

0 to 120 

140 



DESCRIPTION : 

HP attached to fluid boiler or phase change heat sink provides high temp, heat 
rejection. Variable conductance heat pips attached to internal structure controls 
low temp, condition. 


ADVANTAGES 


DISADVANTAGES 


1. Eliminates long run of ECS line to ' 
this remote location. 

2. Self controlling. 


COMMENTS: 
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SHUTTLE HEAT PIPE APPLICATION - I RECTIFICATION SHEET 

A-1.7 


APPLICATION : HP Radiator W/HP Header 


SUBSYSTEM: 


ECS 


LOCATION ; inside Cargo Bay Doors 


B/EELTHE T/C SYSTEM : 


MISSION 

FKASE 

On-Orbit Only 


DESCRIPTION: 


F-01 Radiator and Header; Valve stagnation at Radiator and Regeneration 
and bypass control in radiator loop. 


TEMP 

LEVEL (°F) 

HEAT 

LOAD (BTU/HR) 

TRANSPORT 
LENGTH (FT) 

0 to 80 
(radiator) 

23,900 (Min) to 

48,800 (Max) 

HiTemp Elect: 3700-4100 
Heat Transport: 10500-22300 
Load 

Fuel Cell Load: 9700-14400 

Had HP; 6 ,r evap, 6* cond 

Header : 8 f evap 

11 1 cond 
3* adiabatic 


Each radiator panel will, consist of about 22 fixed conductance RP's on 6 inch centers. 
i«2ax. panel capacity is 3850 BTU/HR (55 BTU/HR FT 2 ) at 70°F. Each HP hat a 6" evap. and 
a 6 ft. condenser section at right angles. The radiator HP header is a cold reservoir 
variable conductance HP capable of 3850 BTU/HR. Radiator HP fluid is F-21, Header 
fluid is either F-21 or ammonia. HP Header can be connected directly to a HP circuit 
or thru a Hx to a fluid loop. 


ADVANTAGES 

1. Sell controlling. Does not require 
sensor feedback & electro-mechanical 
regulators. 

2. Eliminates moving parts & rotating 
machinery in heat rejection loop. 

3. Reduce degradation caused by 
meteoroid & impact penetrations. 

4. No electrical power required. 

5. No fluid connections. 


DISADVANTAGES 

1. HP header needs flexible HP joint that 
must jbend thru 135° of rotation. 

2. large A T's from header condenser to 
radiator surface. They can vary from 
10" F to 37° F depending on contact 
conductance and working fluids. 

NOTE; When interfacing with a fluid loop, 
the flexible HP Joint can be 
eliminated by using a flexible 
coupling in the fluid lines. 


Q Absorbed 60 ETU/HR FT, = .20, £ = .90, ^ pin o .90 

700 ft 2 of radiator area divided into 10 equal area panels. No inertia vector problem. 

En-:h panel designed for 55 BTU/HR FT 2 heat rejection at To*. * 70 V F. Panels are made 
of .020" thick aluminum (2219). ma 

A-8 RATING : 2 



SHUTTLE HEAT PIPS APPLICATION - IDE NT IP ICATION SHEET 

A-1.8 


APPLICATION- , TP Radiator with Integral HP/Fluid Header 

SUBSYSTEM : ECS LOCATION : Cargo Bey Boor 

BASELINE T/C SYSTEM : F-21 Radiator and Header 


MISSION TEMP HEAT TRANSPORT 

phase eevbl (°f) load (btu/hr) LENGTH (FT) 


See A-1.7 for Details 


DESCRIPTION: 


Same as A-1.7 except that it uses a flexible coupling in the fluid lines and an 
integral fluid to HP header Hx on the radiator panel. 


ADVANTAGES DISADVANTAGES 

1 . Panel 6 elf -controlling. 

2 . No circulating fluid in radiator - 
reduces fluid connections. 

3 . Reduce deijradatioa caused by 
meteoroid & impact penetration. 

No need for meteoroid bumpers. 


CGJMENTB: 

This application can also be adapated to radiator configuration of A»i.lO. 
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SHUTTLE HEAT PIPE APPLICATION - IDENTIFICATION SHEET 

A"l«9 


APPLICATION t ECS Cold Rail 

SUBSYSTEM : ECS ' RATION: Cabin, Electronic Bays 

BASELINE t/c SYSTEM : None defined for high power density equipment. 


MISSION TEMP HEAT TRANSPORT 

PHASE LEVEL (°F) LOAD (btu/kr) IENCTH (ft) 


All 


40 to 90 


4o watts/inch 


1.5 


DESCRIPTION ; 

HP augmented cold rails diffuse high power densities over longer length before 
passing heat to fluid tubes. It reduces higher densities to an effective 
3 vatts/inch at fluid loop interface. 


ADVANTAGES ' DISADVANTAGES 

1. Use existing flaDge designs and 
fluid flow rates. 

2. HP augmented cold rails can easily 
accommodate unforeseen power 
increases and minimize impact on 
fluid temperatures. 

3. Required for state-of-the-art 
eqpt. with power densities of 
40 w/inch. 


COMMENTS : 

Extensive application possibilities to high density cold rail mounted equipment 
such as is expected in the power conditioning and distribution avionics. 
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SHUT! IE HEAT PIPE APPLICATION - IDE?7r rFTCATICN $!•” 

A-1.10 ~ ~~ 


APPLICATION : HP Radiator for fuel cell cooling 

SUBSYSTEM: Power 


I£> CATION : Nose Module 


T / c SYSTEM ; Fuel cells in heat rejection system, before radiators. They are coupled' 
to the F-21 loop via a liquid to liquid Hx. ' i 


MISSION 

PHASE 

On-Orbit Only 


DESCRIPTION: 


TEMP 

LEVEL (°F' 


0 to 80 (Rad) 


HEAT 

LOAD (BTU/HR'I 
9700 - lMiOO 


TRANSPORT ] 

LENGTH (IT) j 

Rad HP: 6" evap, 6" cond" 

Header: 8 ' evap .! 

11' cond 3 

3 ' adiabatic } 

Feeder HP: 39' total length] 


Self-contained fuel cell coolant is coupled to its own HP radiator panels via a HP 
header to fuel cell coolant Hx. The fuel cells are used during all mission phases 
and would require an alternate sink when the radiators are not deployed. This 
requirements also exists for the baseline system. The alternate sink could be a 
cryogenic Hx or water boiler. 


ADVANTAGES 

1. Self controlling. Doesn't require 
sensor feedback & controls. 

2. EiiuirateG moving parts & rotating 
machinery in heat rejection system. 

3. No electrical power inquired. 

No fluid connections at radiator. 


DISADVANTAGES I 

i 

i 

1. HP header need3 flexible HP Joint that : 

must bend thru 135 0 of rotation. 

ji 

2. Excessive AT's fran header condenser I 

to radiator surface. They can vary from ,* 
10° F to 37° F. | 

3 • Alternate sink requirement would mean > 

development of a H?/lH 2 or HP/GHg Kx 

or a HP/water boiler Hx. j 


COMMENTS : 1 

Requires H? to fluid Hx since fuel cell has its cwn self-contained cooling fluid. j 

equires alternate sink for fuel cell during boost to orbit and descent to landing phases I 
of mission. These are also required by baseline system. I 

A-ll RATING: O J 
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SHUTTLE HEAT PIPE APPLICATION - RECTIFICATION SHEET 

A-l.U 


APPLICATION ; Air Breathing Engine C.-orpartment 


SUBSYSTEM : Propulsion 

BASE LUTE T/C SYSTEM : Electric Heaters 


MISSION TEMP 

PHASE LEVEL (°F) 

On Orbit -30 to 1JX>° 


IDEATION; Mid Module 


' HEAT TRANSPORT 

IPAD (BTU/HB) ‘ LENGTH ,Ff) 

1020,/ccmpartment 


DESCRIPTION ; 

HP radiators lining compartment walla. Application is similar to landing gear wells 


\ 


ADVANTAGES 


DISADVANTAGES 


1. Ho electrical power req'd. 

2. Ho moving parts ar circulating 
fluids. 

3. No fluid connections to leak. 

Ik Self controlling. 

5* Improved reliability over fluid 
radiator panels. 


1. May require flexible HP Joint. 


QOMME03S: Much of the air breathing engine components are designed around present MIL 
specs -65 to +l60°F non- operational; providing this environment would permit max 
utilization of existing system component hardware. 
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A-1.12 


LIGATION : CMS LHg Boilcff 

SYSTEM- strut tore 


LOCATION : Hose Module 


ELTKE T/C SYSTEM: 


MISSION 

PHASE 

Descent 

Launch 


USs/fluid. heat exchanger 


TEMP 

LEVEL (°R) 
45°R » 500° R 


HR.. . 

LOAD (BTU/HR) 
90000 

61000 

50000 


TRAITS PORT 
LENGTH (FT) 

4 


Ferry 
CRTPTION ; 

Use Rolloff as heat sink in a HP/cryogenic Hx far 2 ) electronic equipment 

2) 51 ‘ound & boost cooling of EC/LSS 


T1 




n 


i 1 


ADVANTAGES 


DISADVANTAGES 


1. Convent nt sink 


1 . Req’d boiloff greater than what's available"! 

it requires circulating LHg at about : | 

50-60 lb/Hr. It would effectively amount 
to carrying extra propellant, 50 to 100 #. “] 

(which is also required in baseline design). ! 

2. Requires development of cryogenic/HP 
Ex. 


.? 6 > 


0 ft^ of LHg in tank 
? 1.5 lb/Hr. 


Cryogenlc/EP Hx requires heat pipes to be used in the 
heat rejection system - this may not be the case. 
A-ih 
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SHUTTLE HEAT PIPE APPLICATION - IDENTIFICATION SHEET 

A-1.13 


APPLICATION : High Intensity Lights - cool base. 


SUBSYSTEM: Avionics 

LOCATION: 

Cargo Bay & Exterior 

BASELINE T/C SYT’FM: 

None establirhed 



MISSION 

PHASE 

TEMP 

LEVEL (°P) 

HFAT 

LOAD (BTU/HR) 

TRANS t-DRT 
LENGTH (IT) 

On Orbit 

4 00 

Up tc 1700 

1-2 

DESCRIPTION: 




HP’s applied to light socket provides cooling f 
Structure serves as sink. 

or lamp base in 

a vacuum environment. 


ADVANTAGES 


DISADVANTAGES 


1. Increase lamp life. 

2. Increase lamp reliability. 


1. May be slight weight penalty. 


' THMEHTC ; • ' 

p ayload manipulator lights ( 500 w ea. ) Target Illuminator (300 W) require 100 to 200 
watts of cooling. 
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SHUTTLE HEAT PIPE APPLICATION - IDENTIFICATION SHEET 

A-1.14 


APPLICATION i Battery 

SUBSYSTEM: Avionics 

BASELTTS: T/C SYSTEM : F-21 ECS loop 


MISSION 

PHASE 


TEMP 

LEVEL (°F) 


Emergency Power 


90° 


DESCRIPTION: 


LOCATION : Noae Module 


HEAT 

LOAD (BTU/HR ) 


TRANSPORT 
LENGTH (FT) 


3 KW-Hr. 12 

or 

72000 BTU , 

For 5 Hr. y 15000 BTU/HR 


a) HP's to ioothermallze heat rejection surfaces on cells, b) HP's connected to 
expendable sink, thereby eliminating fluid loop connection. 


ADVANTAGES 


DISADVANTAGES 


1. No fluid connections. 

2. Lower operational temperature gradients. 


1. Weight of HP's & expendables. 


CPgMSaTB : 

Emergency use only. 
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SHUTTIE HEAT PIPE APPLICATION - IDENTIFICATION SHEET 

A-1.15 


ATPIJC/iTTOH: Tracking Radar 

SUBSYSTEM: Avionics 


LOCATION : Cargo Bay 


BASELINE T/C SYSTEM : Conduction coupling between electronic & antenna surfaces which in 

radiate to space . 


turr 


MISSION 

PHASE 


TEMP 

LEVEL (°F) 


HEAT 

LOAD (BTU/HR) 


TRANSPORT 
IENCTH (FT) 


On Orbit 


^5 to 160 


360 


DESCRIPTION: 


Diode HP !s coupling electronics to antenna surfaces provide good path to space during 
high temp, conditions, poor coupling during low temp, conditions. 


ADVANTAGES 


DISADVANTAGES 


More efficient (less weight) than 
pure conduction coupling. 


2. Diode feature - High pipe conductivity 
during operating temperature levels 
and low temperature cut-off minimizes 
the? need for delicate .thermal coatings 
and heater control loops. 


3 . 

k. 


Improved temperature regulations results 
in improved reliability. 


Less heater power required. 


1. Internal to manufacturers hardware. 


CONKENTS : 
v 


thermal Control tied closely with manufacturer. 
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SHUTTLE HEAT PIPE APPLICATION - IDENTIFICATION SHEET 

A-1.I6 ~ ™"~* 


APPLICATION ; Flu.I.d Evaporator 


LOCATION: Pud Module 


BASF, LI’S T / C SYSTEM : 


F-21 Heat Exchange with water 


MISSION 

PHASE 


TEMP 

LEVEL ( a F) 


HEAT 

I/)AD (ETU/HR) 


TRANSPORT 
LENGTH (FT) 


All above 100,000 ft. 40 to 120 


^0000 (max) 


Up to 30 


DESCRIPTION ; 


Multi-pass HP's transfer heat to c:qiendable water. 


advantages 


DISADVANTAGES 


1. Eliminates Dinning long ECS lineB to 
out of the way sources. 


1. Needo development of fluid to HP Hx 


COMMENTS : 

Required for ground support cooling. Need depends on existence of HP circuit 
which might not be the case. 
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shuttle: neat pipe application - inert iftcatto:: sheet 

A-1.17 


Fuselage TPS - External Tank Inteference Heating Area 
^SYSTEM: Structure LOCATION : Upper PVd. Hid Module 

BASELINE T/C SYSTEM : Haynes 188 


MISSION 

TEMP 

HEAT 

TRANSPORT 

PHAGE 

LEVEL (°F) 

T/JA1 ) (btu/hr) 

LENGTH (FT) 

Boost 

1850 

3.9 (I0 ,f ) btu/hr ft 2 

20. 

Reentry 

1C00 

63 (lo 2 ) BTU/HR FI 2 



DESCRIPTION : 

Isothermallzcr HP’s across inteference heating area to minimize & equalize temperatures. 


f 



ADVANTAGES 

1. Minimize impact of uncertainties in 
predicted surface temps. 

2. Lover peal: surface temperatures. 


DISADVANTAGES 

1. Applying fail safe criteria means HP’s 
would be a weight penalty since passive 
TIB must function without them anyway 
and the passive system does not degrade. 


\ 

} COMMITS : 

E 

) Ho real payoff. 
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SHUTTIE FEAT TIFF APPLICATION - IDENriFICATICN SHEET 


APPLICATION : TPS Panels 


A-l.lS 


I' '--* -• structure 


LOCATION: 


BASELINE T/C SYSTEM: 

Superalloy3 & Insula 

tlon 


MISSION 

TEMP 

HEAT 

TRANSFORT 

PHASE 

LEVEL (°F) 

LOAD (BTU/KR) 

LENGTH (FT) 

Reentry 

Roost 

2600 (Before) 

1600 (After HP’s ) 

12 (10^) —--3- 

HR Fir 

20 to 50 

DESCRIPTION: 





Integral heat pipe-structural panel for external shuttle surfaces. This will decrease 
and ieothermalise temp, levels. 



ADVANTAGES 

1. Decrease surface temps and allow ise 
of less exotic materials. 

2. Reduce temp, gradients across panel. 

3. Possible wt. advantage. 


DISADVANTAGE S 

1. Uncertainty of materials compatibility, 

1 g effects, start-up time and long 
liquid metal HP's. 

2. Possible large ^T r s across HP interface. 

3. There 1 * a weight penalty if panels must 
be fail safe e.ud function without the 
heat pipes. 


COMMENTS : 

No NASA interest. 


A-22 


RATING: 0 


SHUTTLE ’fP-AT FIFE APPLICATION - TD EITITICATIC:: S~? 

A-1.19 


APpr.Tn^iQH ; Control Surface Pivots 
sn?.5YSTF.M : Structure 

RASELTTT: T/c SYSTEM: 


ICCATION : Verticial Fin 
Wing Eleven 


MISSlOiI TEMP HEAT TRANSPORT 

F fft SS LEVEL (°F) LOAD (BTU/KR) Il-KC T H (TT V 


Reentry 


1300-l600°F (Fin) (Fin) 2880 ea. 

1300-1600° F (Wing) 


(Fin) 38' max to sink 
(Wing) 3^' along hinge 


DESCRIPTION : 


Heat pipes attached to pivot lugs and connected to a boiler type heat sink. 


ADVANTAGES 

1. Lower operating temps, at pivots 
will increase life and reliability. 

2. Insure against uncertainties in 
predicted temperature levels. 

3. Tolerate greater trajectory variations 
without necessitating design change. 


DISADVANTAGES 

1. Large Al's due to poor conductance 
are a distinct possibility. 

2. Fail safe design required. 


COMMENTS : 

tngh temperatures dictate liquid metals as heat pipe working fluids. 
Since fail safe design is required there is no real payoff. 
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SHUTTLE HEAT PIFE AFPLICATIC-f - IDENTIFICATION SHE ET 

A -1.20 — —— 

| APPLICATION ; CMS L0 2 Boiloff (2 Tanks) 

SUBSYSTEM : Structure LOCATION: Aft Module 

I 

BASEL!! IE T/C SYSTEM : 


MISSIO:' TEMP 

PHASE LEVEL (°F) 


Boiloff Negligible 

f DESCRIPTION: 


HEAT 

LOAD (BTU/HR) 


TRANSPORT 
LENCTH (FT) 



ADVANTAGES 


DISADVANTAGES 


1. Boil off negligible 


0MMSNT8 : 

1 lb/hr boiloff 
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SHUTTLE HEAT PIPE AFPT.ICATION - IDENTIFICATION SHEET 
A-1.21 


APPLICATION i Main LQ_ Tank Boil off (Boost Tanks ) 


SUBSYSTEM : Structure 

EASE LIME T/C SYSTEM * 

MISSION 

PHASE 


TEMP 

LEVEL (°Fl 


LOCATION : Mid Module (Pwd) 


iEAT 

LOAD (BTU/HPO 


TRANSPORT 
LENGTH (FT) 


Boost 


165°R 


61000 


DESCRIPTION: 


Use boiloff as heat sink in a HP/cryogenic Hx. for ground support and boost. 


ADVANTAGES 

1. Use of otherwise wasted resource 

2. Convenient sink. 


DISADVANTAGES 

1. Required boiloff f much greater than what's 
available. It would require circuiati ng 
L0 2 at some fraction of its design flvw 

rate of 168 lb/ain, depending on the time 
required for the sink to be active and the 
Q ie involved. 

2. Low heat capacity as compared to freon, 
water or hydrogen. 


COMMENTS : 

Unused propellant (LOg) K lbs. 

ALflOO BTU/LB. Boiloff i? 1 11 

tj iTr*. 


But tanks are emptied tt \ hr from launch. 
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SHUTTLE HEAT PIPE APPLICATION - IDENTIFICATION SHEET 


A-1.22 

APPLICATION : C Band Directional Antenna 

SUBSYSTEM : Avionics LOCATION : Cargo Bay 

BASELINE T/c SYSTEM : Conduction couplings. 


MISSION 

PHASE 


(to Orbit 


DESCRIPTION: 


TEMP 

LEVEL f°F) 
Gimbal Elec . 

-30 to 200 0 to 160 


HEAT 

LOAD (BTU/HR) 


64. 


■65 to 300 -65 to 200 


0 


TRANSPORT 
LENGTH (FT) 


HP between power dissipating electronics and antenna which in turn radiates to space. 


ADVANTAGES DISADVANTAGES 

1. High conductivity of pipes and 1. Modifications are internal to 

achievable low temperature cut-off manufacturer's equipment 

shall reduce the need for exotic 

thermal coatings and high power 
control loops. 

2. Can eliminate antenna positional 
constraints imposed by long hot or 
cold hold conditions. 

3. Better temperature regulation yields 
higher reliability. 


COMMENTS : 

Shuttle missions contain long duration full sun and full shadow hold conditions for the 
external antenna. 
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SHUTTLE “TAT PIPE APPLICATION - IDE NT IF I CAT I OK SHTTCT 

A-1.23 




V 



APPLICATION ; Electrical Wiring 

SUBSYSTEM : Avionics LOCATION : 

3ASELIKF. T/C SYSTEM : Wrap around ECS fluid lints. 


MISSION 

TEMP 

HEAT 

TRANSPORT 

PHASE 

LEVEL (°P) 

LOAD (BTU/lfR) 

LENGTH (FT) 

On Orbit 

75 to 120 


50 


DESCRIPTION ; 

Isothermalizer HP within soft, insulated wire conduit linked via HP to a suitable sink. 


\ 

^VANTAGES 1)T3ADVA!'!TAGES 


1. Avoids contact with grounded system. 

2. Temperature level and gradients 
reduced to desirable levels improves 
performance of multiplexed »iro systems. 


1. Need for thermal control requirement 
not firmly established. 




JS 




A 





Xfl£vtEKT 5r~ Avionics people object to wrapping wiro around the electrically grounded ECS 
due to increased chance of an electrical short. HP ioothermalizer locks like a 
good alternate to them. Very little definition available. 


if 

J£ 
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’ application : 

f SUBSYSTEM: 


SmiTTTE irFAT PIPE A7-RLTCATTQH - HFETIFTCATIO?' SHEET 

k-1.2k 

Hydraulic Actuators 
Power 


; Electric KeaterB or Recirculate 
Hydraulic fluid continuously during on orbit. 
TEMP HEAT 


LOCATION : Ulng/Elevon, Fin/Rudder 

Engine Global, landing Gear 


MISSION 
PHASE 

f* On Orbit 


S ! Reentry 

DESCRIPTION : 


LEVEL (°?) 
(Of coolant^ 

-65 ( limit) 
-2C'(Desired) 
630 (limit) 
400 (desired) 


LOAD (BTU/kr) 


Woo Ea. 


TRANSPORT 
LENGTH (FT) 

25 - 30 


;HP attached to hydraulic cylinder (car enclosing it) is connected to a suitable heat sink 
during high thermal leads, and to a heat source during a low temperature condition. 


ADVANTAGES 

[, -1. Insure against uncertainties in 
* ; predicted temp3, both on orbit 
and during reentry, 

i ;2. No electrical power req'd. 


I ■ 

P 


DISAlWAmOKS 

-1# Relies on flexible HP Joint. 

2* Requires extensive development effort. 


\ ■ 


‘CO MOTTS: 

Structural environcont is 600°F Max. 
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SiniTTTE IfFAT PIPE AP PLICATION - IDENTIFICA TION 3 >iT£T 
A-1.25 

APPLICATION : APU Fluid cooling 

— ■-■ r,TEf - ; LOCATION : Aft Mld Module 

VvA^CT T-n? fp fn r'Yt L , n T *‘ , M 

Ucen own fuel to cool lubricating & fcydreullc fluids. Self-contained 
Ufg ILx 


MISSION 

PHASE 

Iaunch-Docking 

Reentry 

DESCRIPTION: 


TEMP 

LEVEL (°F) 
-65 to 275° 


. HEAT 

LOAD (BTU/h'R' 

Case: 891^5 

Additional: 101, 060 


TRANSPORT 
LENGTH (?T) 


HP heat exchanger removes heat from APU fluids and transports It to 11^ sink. 


ADVANTAGES 


DISA DVANTAGES 

1. Use a I « 2 Hx directly. No real need 
for intermediate HP Hx. 


COMMENTS, ? HP application would mean altering APU manufacturer's equipment. That's not 

Besides the APU'a conveniently cool themselves using their own fuel (LPL) as a 
sink in self contained heat exchangers - that's hard to beat. 2 
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SHUTTLE HEAT PIPE APPLICATION - IDENTIFICATION SHEET 


A-1.26 

APPLICATION i LOg Natural Recirculating System 

SUBSYSTEM : Propulsion LOCATION : 

AASETljn- T/c SYST EM: Electrical Heaters 


Mid Module 


MISSION TEMP HEAT 

PHASE LEVEL (°f) load (btu/hr) 


Boost 

Reentry 


l8l°R LOg sink 600 BTU 

HR FT 2 


TRANSPORT 
LENGTH (IT) 


JESCaIFTIQ:. ; Heat applied to riser pipe creates density gradient which 
promotes natural recirculation. 


ADVANTAGES 


DISADVANTAGES 


1. Eliminates electrical power req*mt 
with inherent danger of Apollo type 
failure . 

2. Self actuating. 


1. Reliable heat eource questionable. 



o 

COMMENT S: LO lines are uninsulated single wall pipes 16" dia. Ttf = 2.8 Ib/sec 
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SHUTTLE HEAT PUT; APPLICATION - HjENT IBICATTON SrZET 

A-1.27 


APPLICATION : Water Chiller 

SUBSYSTEM : ECS LOCATION : Cabln 

SYSTEM: Water frcm heat transport loop (at 4o 6 F) chills mixing water. 


MISSION 

PHASE 

On Orbit 


TEMP 

LEVEL (°F) 
hO - 50 


HEAT 

LOAD (BTU/kr) 

10 


TRANSPORT 
LENGTH (FT) 

10 


DESCRIPTION ; HP cools mixing water 



ADVANTAGES 


1. Provides high design flexibility ECS 
loop can be located in central 
locations. 

2. Avoids possibility of contaminating 
water with ECS fluid. 


DISADVANTAGES 


1. Lowest water temp, available is about 
15 ° F above sink. 


COMMENTS : 

No real improvement over baseline. It Just complicates things. 
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APPENDIX A -2 


LEADING EDGE HEAT PIPE APPLICATIONS 

The feasibility of applying heat pipes between the wing leading edge 
and the upper wing surfaces to lower leading edge temperatures was studied. 
Significant reductions in temperature, from 2?00 o F to 1900°F, would permit 
the use of superalloys in place of the baselined REI and ablator TPS systems. 
Figure A-2.1 illustrates the concept and defines the important energy terms. 


Energy balances at the leading edge and the radiating upper surface 
result in the following expressions: 

Leading Edge ' 

(i ) i - - v * sot 4 

Le 


Radiating Surface 


p 4 


(2) % * q HP = eoT R 


Considering areas, A^ and A^ 


Leading Edge 


(3) = Ag [q - qi - eaT e ] 

Le 

Radiating Surface 

W = Ar f £aT R - V ^ 


Expressions 3 and 4 can be equated and then solved for the ratio Ag/Ap- 

A “ 4 

(5) e 


eoT R - qc R 




qc Le " q i " eoT e 


where T g and T R are the desired operating temperatures. Substituting values 
for qc («3220 BTU/HR F3?) and (q - q. ) (» 13.8 (10 4 ) J22L) gives 

c i« ^ hr 

A e 5 oT R 4 - 32 SO 

a ~TT T 

\ 13.8 (10 4 ) - eoT e 4 





/ 








The value for (q - q 1 ) is the decrease in energy due to internal radia- 
c Le 

tion at the leading edge and corresponds to a decrease in radiation equilibrium 
temperature of 250°F from an initial value (without internal radiation) of 
2950°F. 


From the geometry of a one foot span the ratio can be expressed as 



\ . Assuming a usable chord length of 4*5 feet and a leading edge radius of 2*5 

Ae 

inches results in a ratio of = *145 for each foot of span, which means the 

i k 

wing configuration can accommodate temperatures that require the radiating 
| area to be up to 6*9 times (l*/.l45) as large as the edge surface area in 

; satisfying equation 6* Fixing the maximum leading edge temperature at 1900°F, 

r this means a required radiating surface temperature of 13iO°F - an unacceptably 

j high increase above its initial 775°F which would require a change to another, 

higher temperature, material (Rene 4l) instead of titanium (Ti - 6AL - 2 Sn - 

r 

I 4 Zr - 2 Mo). 


j If this naterial change were acceptable, the heat pipes would be required 

to transfer about 18,000 watts at about 1400°F for each foot of span. 

i 
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APPENDIX A-3 

SLA BACKFACE TEMPERATURE CONTROL USING HEAT PIPES 

The feasibility of using heat pipes to lower the '.''ickface temperatures of 
the shuttle's low density superlight ablator (SLA) was examined when emphasis 
was placed on using aluminum instead of titanium for primary structure. The 
goal was to decrease the backface temperature during entry from.600°F (Titanium 
structural limit) to 300°F (aluminum limit) without increasing the ablator 
thickness. 

The possib le benefits would be the lower material and manufacturing costs 
associated with using aluminum instead of titanium, and a reduction of about 
1.3 lb/ft 2 of surface area in ablator weight. 

The heat pipes would be required to transport the necessary heat from the 
SLA backface to a convenient and useable interval structural heat sink, e.g., 
bulkheads. 

Two entry cases were examined. Case I specified a 6000 nautical mile down- 
range and 27° entry angle of attack; Case II specified a 3500 nautical mile 
downrange and 50° entry angle of attack. Heating rates for the Shuttle underbody 
were used as representative values, resulting in a total integrated heating 
rate# of 15,000 BTl^FT 2 over an entry time of 2000 seconds for Case I, and a 
total integrated heating rate of 3,800 BTU/FT 2 over 1100 seconds for Case II. 

The initial structural sink temperature was assumed to be 100°F for both cases. 

For the operating temperature required (« 300°F) water is thermodynamically 
the most efficient working fluid; its liquid transport factor CTpXg o is about 

10.5 (10 21 ) btu/hr ft^. 


The capacity of a one inch ID water heat pipe as a function of effective 
length and operating temperature is given in Figure A-3.1, which was the design 
curve used in this study. 



= Total integrated heating rate 
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From Figure A-3.2 and using the total entry times pi -"'iously given, 
the heat pipes would be required to carry 22,800 BTU/ffil of ablator 
area for Case I, and 9, 8 00 BTU/HR Fl^ for Case II. Assuming an overall heat 
pipe conductance of 1,000 BTU/HR Fl^ and a 300°F operating temperature, the 
available temperature rise in the aluminum structure (initially at 100°F) 
would be .127 °F for Case I and 191°F for Case II. One hundred pounds of 
aluminum (Cp = .25 BlU/lb°F) would provide a 3180 BTU sink for Case I and 

a 4780 BTU sink for Case II, resulting in a requirement for 393 lbs of aluminum 

2 2 
per ft of surface area for Case I and 63 lbs/ft for Case II. 

Using the results in Figure A--.1, the structural sink must be within 
2.4 ft of the source in order for the heat pipes to transfer the Case I 
load and within 9 ft of the source to transfer the Case II load. These 
requirements are impossible to meet since the average weight area density is 
about 5 ib/ft _ of surface area for the body group - to use one example. 

CONCLUSIONS AMD COMMENTS 

\ 

1. The proposed application of heat pipes is technically feasible with 
certain restrictions. They cannot be applied in stagnation regions due to 
excessive heating rates, and their use on other parts of the Shuttle depends 
upon the entry angle of attack and downrange requirements. For example, their 
use on the underbody surfaces is more practical with higher entry angles of 
attack and shorter dotmrange distances. Otherwise, the heating loads approach 
the theoretical, capacities of the heat pipes in the system. 

2. Since aluminum heat pipe envelopes are not compatible with water due 

to gas generation problems, more innocuous materials such as copper or monel 

would have to be used. This means that the heat pipe envelopes would have to be 

bonded to the aluminum backface and could not be manufactured as integral 

structure. This translates directly into an obvious weight penalty for the 

heat pipe system, a weight penalty that would have to be less than the ablator 

weight savings of 1.3 lb/ft . It iu estimated that the heat pipes would 

2 

weigh about .68 lb per ft of evaporator area per foot of heat pipe length. 


T 


*# 


If 


J 
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The material and manufacturing coats for the above heat pipe system 
must also bo less than the costs of a titanium structure, and it is rot 
clear that this is the case. The additional steps required to fabricate a 
heat pipe could make such a system more expensive, but enough information 
is not presently available to come to a definite cost conclusion. 

3. 'The heat pipe application, although technically feasible, is not 
practical since there is not enough available structural heat sink to serve 
the entire surface area requirement. The Shuttle Body Group weighs about 

5 lbs per ft^ of surface area; the wing group weighs about 7 lbs per ft^ of 
exposed wing area (Reference l). The volume of structural heat sink which 
would be required for the extensive application of heat pipes is an. order of 
magnitude greater than that actually available. The heat pipe system might 
be able to satisfy some local conditions if the heating rates are not high 
and there is enough heat sink available, but the same results can be achieved 
by using more ablator. 

4. The problems involved with routing the heat pipes around, along and 
through vehicle structure (stringers, ribs, longerons, spars) to get to 
adequate structural sir ks cannot be evaluated until a closer examination of 
the structure is made, but solving such problems would be major design con- 
siderations. 

5. Starting up a frozen water heat pipe, which would occur dvrring entry 
from earth orbit, requires investigation. However, it is felt that such pipes 
would probably thaw and function satisfactorily due to the thermal lag in- 
herent in the structure. 

6. The heat pipes muse be diede types to preclude draining heat from 
the internal structure to the outer surfaces and into space during on-orbit 
operations. 
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APPENDIX A-4 


HEAT PIPE APPLICATIONS FOR HYPERGOLIC FUELED APU 


Hydrogen /oxy gen fuel cells are the primary source of electrical power during 
all Space Shuttle mission phases. However, the high power iiydraulic system 
demands uniquely imposed during powered flight phases are met by four API Ms. 


Each ARJ consists of a gas turbine driving a gear box which in turn drives 
a 5 KVA generator and a hydraulic system pump. The hot turbine exhauet gas 
is vented directly overboard, while the thermal conditioning of the gearbox 
and generator is accomplished by a circulating lubrication oil loop. This lube 
oil must be cooled (approximately 20,000 Btu per hour per APU) to maintain 
acceptable oil and bearing temperature limits (;300°F) thereby avoiding break- 
down of the oil and contamination of the gearbox bearings. 


One of the twenty-seven initial heab pipe application concepts considered 
used heat pipes to transport the heat load from the APU fluids to a heat sink - 
at the time, LHg. The baseline (no heat pipe) approach to removing this heat 
was to use a direct oil/LHg heat exchanger - thus using the A%”s waste heat 
to pre-heat its own incoming fuel. No real purpose would have been served 
in introducing an intermediate :r heat exchanger and this heat pipe concept 
received a rating of zero (outright rejection). 


Since that time, a fundamental Space Shuttle program change was implemented; 
the substitution of hypergolic fuels for LT^ and LOX in the Orbital. Maneuvering 
Syseem (OMS). One result of this change was to turn-around the APU design - 
from LHg fueled to hydrazine fueled. With no LHg in the system, a new baseline 
heat rejection approach had to be developed. 

These changes prompted the thought that the new A" system mey present 
design problems more readily solved by the application of heat pipe technology. 
Therefore, a study of the new baseline APU thermal control design was under- 
taken . 


Figure A-4.1 is a schematic representing the present baseline APU thermal 
control system. During powered operation, the turbine exhaust gases (» 1200°F) ' 
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are vented overboard. The lube oil exits the gearbox (« 500°F max) and rejects 
its beat to the lubrication/by dr aalics heat exchanger. The hydraulic loop 
water evaporator boils water to reject the teat generated in the hydraulic 
system and absorbed from the lube oil. (The ECS/hydraulic heat exchanger 
is bypassed) . 

On orbit, AFU thermal control is acccmplished by actively circulating low 
pressure hydraulic oil to maintain minimum acceptable temperatures (40°F). 

Waste heat from the fuel cells is absorbed in the hydraulics fluid through the 
hydraulics/ECS heat exchanger and lube oil is circulated periodically to 
distribute heat to the APU componenets (replacing heat lost to space through 
the exhaust gas dump). In an alternate concept, for low heat leaks to space, 
no circulation of the lube oil would be necessary. Instead, the system would 
use low pressure hydraulics oil directly, in conjunction with a heat-pipe 
compartment radiator panel, thus radiatively supplying heat to the AFU. 

Studies were conducted to determine the optimum met bed of addressing 
the primary AFU thermal problem, i.e., how to reject the 20,000 BTU/hr heat 
load during powered phases. The method selected (lube oil to hydraulics heat 
rejection) resulted in the minimum weight system. A potential heat pipe appli- 
cation WwUld be to separate the lube/hydraulic interface with heat pipes (Figure 

A-4.2). The advantage of this scheme would be to prevent the leakage of high 

pressure hydraulic system oil into the AFU lube oil with the resultant 
permanent contamination of the AFU's bearings and other internal components. 

Table A-4.1 is a "grading" sheet for this heat pipe application. As 
shown, the scheme would receive a rating of +1 (possible contender). This racing 
would, have excluded it from the list of eleven prime contenders (+ 2 rating) 
selected at this point, but nevertheless, it does possess seme merit, had the 
concept been carried over into the next evaluation phase it would not have 
survived the subsequent cut? which reduced the field o.. prime candidates to a. 

total of six. This is shown in the evaluation sheet in Table A-4.2. The 

safety advantage (no permanent AFU damage due to hydraulics lesik) is offset 
by a weight penalty - resulting in a net rating of C. 
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FIGURE A-4.2 


ARJ LUBRICATION OIL/HEAT PIPE/HYDRAULIC FLUID HEAT EXCHANGER CONCEPT 



Water Heat Pipes 
(w 680 psig) 


V 


24o°f 


Heat Pipe/ 
Hydraulics 
Exchanger 
Fluid 


T'220°F 




Hydraulics 

Cil 


Approx . 

12, £ inch ID (square), 24" long water heat pipes built to contain 
680 psia (500°F), would be required to maintain an evaporator heat 
flux of 25 watte/in^ vith a total AT evaporator-condenser of « 11°F. 
These pipes, having an effective length of 12 inches, would have no 
difficulty transporting the requisite heat load. 
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SHUTTLE HEAT PIPE 


APPLICATION - 


IDEMTFICATION SHCTTJ 


A^LIC.A!IION: APU lubrication Oil/Eydraulic Fluid Beat Exchanger 


SS3TE4: Power 


LOCATION ; Aft Mid Module 


BAgELINE T/C SYSTEM: Uses direct lube oil to hydraulic fluid heat 

exchanger to transfer lube oil heat load 


Mission Phase 


Ascent 

Dsorbit 
Entry 
APP/Land 
Go Around 


TgapLevei (°F) Heat load (Bfcu/hr) 


500°F (Lube oil inlet) ") 
250 # F (Lube oil outlet) C 
220°F (Eydraulic Inlet) \ 
240*? (Hydraulic Outlet )J 


2CK per APU 

19SC 

20K 

20K 

20K 


Transport Length 

m. 


D^CEIPIION; Separate lube oil and hydraulic fluid flow paths with 
intermediary heat pipes 


ADVANTAGES 

1. Possiblity of hydraulic fluid 
leaking into APU lube system and 
causing irrepalrable damage is 
totally eliminated. 


DISADVANTAGES 

1. HP AT decreases effective IMTD 
available to accomplish heat 
transfer between lube oil and 
hydraulic oil - resulting in higher 
heat exchanger weight. 


2. Heat pipe weight is direct penalty. 


CXbgglflB: Rone 



I 

i — 

l>: 


RATING: 1 



TABUS A-4.2 


EVALUATION MATRIX - HEAT PIPE APPLICATIONS 


APPLICATION : APU Lubrication OIl/Bydraulic Oil Heat Exchanger 


Rating Compared 
to Baseline 

Criteria Worse Than Better Than Coaments 


1. Temperature 
Gradient 

** 

- 


2. Capacity 
Margin 

- 

- 


3. Pover 

Requirements 

- 

- 


4. Control 

Requirements 

- 

- 

' 

5. Weight 

X 


HP weight + increased ex- 
changer veight 

6. Safety 


X 

% 

Possibility of hydraulic 
fluid permanently contaminat- 
ing APU components is eliminated 
(safety to equipment) 


REMARKS : Net Rating - 0 (1 worse, 1 better, 4 same) 
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APPENDIX A-5 
APPLICATION DESCRIPTIONS 

PRIME CONTENDERS (RATING = 2) 

TPS Leading Edge Subsystem: Structure 

High temperature liquid metal heat pipes can be applied to the wing 
leading edges in areaB of high aero-heating to reduce circumferential 
temperature gradients in the oxidation resistant carbon-carbon reinforced 
pyrolized plastic (RPF) composite structure,. By reducing local maximum temp- 
eratures and temperature gradients, the number of missions the leading edge 
surfaces can fly without refurbishment is increased substantially. 

2. Landing Gear Subsystem: Structure 

During certain orbital conditions, heat must be applied to the landing 
gear to prevent the tires and hydraulic fluid from becoming colder than the 
allowable limits. By using heat pipe radiator panels drawing heat (by means 
of a diode heat pipe) from the waste heat rejection loop, improvements in 
weight and control can be achieved over the baseline systems which use electrical 
heaters or fluid loop radiators. The diode heat pipe prevents reverse heat 
transfer from the compartment back into the waste heat rejection system during 
entry. 

3. Avionics HP Circuit Subsystem: Avionics 

Heat pipes can be used to replace part or all of the coolant fluid loop. 
Equipment to be cooled can be mounted on heat pipe cold rails, which would 
transfer the waste heat to other heat pipes and finally ' > either a space 
radiator or the fluid loop. This approach requires no electrical power and 
no rotating machinery, unlike the pumped fluid loop baseline. 
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k. Modular Sinks 


Subsystem: Avionics 


It is simpler to cool s remotely located, lew average power output 
component by some local means rather than extending a pumped fluid coolant 
loop io these remote* locations. One system which does this is the heat 
pipe/phase diange material modular sink, consisting of a heat pipe cold 
plate (on which equipment is mounted), and a transport heat pipe which 
connects the cold plate to a diode heat pipe; the diode is coupled to vehicle 
structure. A connister of phase change material is placed around the trans- 
port heat pipe and absorbs heat at times when the structure is too hot to 
act as a sink. The diode shuts off at these times, preventing structural heat 
from leaking back into the phase change material. 

5. Air Tran sport Rack Commercial and Subsystem: Avionics 

hUlitarvAircrafib' 'Equipment 

As a cost-saving measure, the use of standard commercial and military 
avionics equipment is planned on the shuttle. This equipment has been designed 
for standard racks and requires a convective atmosphere for proper temperature 
control, which would be provided in the shuttle by an enclosed rack with a 
circulating forced air system. The circulating air could be cooled by an air- 
to-heat-pipe heat exchanger, and the heat pipes could transfer the waste heat 
either to a radiator or to a pumped coolant loop by means of another heat ex- 
changer. Use of such heat pipes makes fluid line penetrations f the enclosure 
unnecessary, minimizing the risk of equipment damage due to leakage, 

6. Flight and Voice Recorders Subsystem: Avionics 

The flight data and voice recorders for the shuttle are FAA lype III, and 
are currently located in the lower aft portion of the vertical fin. The 
recorders are required to function continuously ir. orbit, and must be maintained 
between - 68°F and l60°F. Analysis shows that surrounding structure can be 
used as a sink only during orbit. 

In order to avoid long, out-of-the-way runs of coolant lines, heat pipes 
internal to a cold plaoe type mounting surface can transfer waste heat to 
either an intermediate bink (phase change material or boiler) or to structure 
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as the situation demands. A diode heat pipe would be used to prevent 
structural heat from leaking back into the intermediate sink. 

7. HP Radiator with HP Header Subsystem: ECS 

This application is a radiator system for waste heat rejection consist- 
ing of ten heat pipe radiator panels. Waste heat from the shuttle electronics 
is taken from the coolant loop (by means of a heat exchanger) or from the heat 
pipe circuit and carried to the radiator panel by a VCHP header with a flexible 
section at the cargo bay door hinge line. Heat is distributed throughout the 
panel by a number of small feeder heat pipes. Use of a VCHP header eliminates 
the need for electromechanical control systems, increasing reliability, and 
a heat pipe radiator panel requires less micrometeoroid shielding than a 
conventional panel. 

8. HP Radiator with Integral KP/Fluid Subsystem: ECS ' 

deader 

This waste heat rejection heat pipe radiator concept eliminates the 
requirement in (7) above for a flexible heat pipe leader. Flexible fluid 
lines run past the cargo bay door hinge line to a fluid header on the radiator 
panel. The heat pipe header evaporator is immersed in a fluid header, and the 
waste heat is carried to the rest of the panel by feeder heat pipes connected 
to the heat pipe header's condenser. Control is provided by making the heat 
pipe header a VCHP. 

9. ECS_Cold_Rail_ Subsystem: ECS 

Some of the flange-mcunted electronics modules proposed for the shuttle 
have dissipation levels of 40 watts per linear inch per -ide. This value is 
approximately 16 times greater than the design value i*. the Apollo vehicle 
and exceeds the capacity of simple fluid cold rails. 

By placing a heat pipe in the center of the rail, the high watt density 
heat load may be spread over the length of the fluid passages rather than just 
a narrow section of the rail. By increasing the util '.zed fluid area, the 
temperature drep into the fluid passage should decrease enough -co allow the 
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use of the proposed high watt density components. 

10. HP Radiator For Fuel Cell Subsystem: Power 

If the decision is made to employ heat pipe radiators on the shuttle, 
the most thermally efficient concept is to segregate the loads into high 
and low temperature heat loads. Most of the high temperature load comes from 
the fuel cells, so the efficiency of the system could be enhanced by giving 
the fuel cells their own radiators. The radiator configuration could be 
physically the same as that in ( 7 ) or ( 8 ). 

11. Air-Breathing Engine Compartment Subsystem: Propulsion 

If air-breathing engines are used on the shuttle in the space mission 
configuration, on-orbit heating of the engine components will be required to 
maintain the engine within present MIL specifications: - 65°F to l60°F non- 
operational. In this application, diode heat pipes are used to take waste 
heat from the pumped coolant loop system to radiator panels on the walls of 
the air-breathing engine compartment. Heat would be distributed throughout 
the panel by means of a number of small feeder heat pipes. A diode heat pipe 
is used to prevent heat from leaking hack into the coolant loop diu-ing hot 
conditions such as entry. 

POSSIBLE CONTENDERS (RATING = l) 

12. OMS L Hg B olloff Subsystem: Structure 

The boiloff from the nose-mounted CMS LHg tank could be used as a heat 
sink by venting it through a heat pipe heat . exchanger to cool local electronics 
mounted on a heat pipe cold plate. 

1 . 3 . High Intensity Lights Subsystem: Avionics 

By using heat pipes to couple the cargo bay and exterior high intensity 
light bases to cooler surrounding structure, life of these expensive lights can 
be greatly extended because of the lower base temperatures provided. 
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14. Battery 


Subsystem: Avionics 


There are tvo heat pipe applications t.o the emergency power batteries 
in the nose module: as isothermalizers within a battery, and as heat trans- 
port devices from the batteries to an expendable sink. By -.musing all the 
cells within a battery to operate at the same temperature, battery life and 
performance can be increased. If these isothermalizing heat pipes are in 
turn connected to a local sink (e.g., a water toiler) by a transport heat 
pipe, fluid loop connections to the batteries Cun-needed except in emergencies) 
could be eliminated. 

15. Tracking Radar Subsystem: Avionics 

In the baseline shuttle tracking radar, electronics gear is cooled by 
conduetively coupling it with the antenna surface which then radiates waste 
heat into space. By coupling equipment to the antenna with a heat pipe, a 
better coupling, can be attained at less weight. 

16. Fluid Evaporator .1 Subsystem: ECS 

During mission phases other than orbit, it is impractical to use the 
waste heat rejection radiator system as a heat sink. Heat pipes could carry 
such waste heat to fluid evaporators, which would be placed at locations on 
the shuttle near the heat sources they serve. 

REJECTED (HATING = 0) 

17. Fuselage TPS - External Tank Subsystem: Structure 

Interference Heating Area 


Liquid metal heat pipes can be used in skin strut: e in the interference 

heating area to isotherraalize that area, minimizing peak temperatures and 
reducing the impact of uncertainties in predicted surface temperatures. 

10. TPS Panels Subsystem: Structure 


Liquid metal heat pipes integral to the surface structural panels can be 
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used to ieothermialize large surface areas, decreasing surface temperatures 
and allowing use of less exotic surface materials. 


19. Control Surface Pivots Subsystem: Structure 

If the operating temperatures of control surface pivots can be lowered, 
life and reliability will be increased. One means of doing this is to attach 
small feeder heat pipes to pivot lugs and connect these feeder pipes to a 
heat pipe header. Liquid metal heat pipes would have to be used because of 
the temperature levels involved; boiler type heat sinks could be employed. 

20. CMS LOg Boiloff Subsystem: Structure 

A possible sink for use with a heat pipe thermal control system is the 
LOg boiloff from the QMS storage tanks. The cold vapor could be vented 
througft a heat pipe heat exchanger, thereby acting a6 a sink and allowing the 
heat pipe to reject waste heat. 

21. Main LOg Tank Boiloff (Boost Tanks) Subsystem: Structure 

A heat pipe/cryogenic heat exchanger can be developed for use as a sink 
for heat pipe cooled equipment using the boiloff ftom the internal LOg tank in 
the Grumman H-33 configuration. This sink would be available curing the ground 
support and boost phases of the mission, time periods when the space radiators 
sure unavailable. 

22. C Band Directional Antenna Subsystem: Avionics 

Power dissipating electronics are cooled by conductively coupling them to 
the antenna, which radiates the waste heat into space. By using heat pipes to 
couple the electronics to the antenna, the weight involved in providing a good 
conductive coupling can be eliminated, as is the need for exotic coatings on 
the antenna. 

23. Electrical Wirin g Subsystem: Avionics 

In order to avoid overheating the electrical wiring, one of the suggestions 
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for the baseline is to wrap the wiring around ECS lines. ECS lines are 
electrically grounded, and there is a chance of a short circuit. To culminate 
this possibility, a heat pipe coupled to a sink could be placed within the 
wire conduit to cool the wire bundle. 

24. hydraulic Actuators Subsystem: Power 

The desired minimum temperature for hydraulic cylinders is -20°F. To 
attain this level on orbit, heat must be supplied. A heat pipe attached to 

the hydraulic cylinder (or enclosing it) is connected to a suitable heat source 

during low temperature conditions. Such a heat pipe application requires a 
flexible joint, as the actuator moves during the entry and landing mission 
phases. 

25» APU fluid Cooling Subsystem: Power 

The high heat loads generated by the APU creat a cooling requirement for 
the ARJ's lubricating and hydraulic fluids. A fluid-to-heat pipe-to-fluid 
heat exchanger system can be developed using the LHg of the cryogenically 
fueled AFU to cool the two hot fluids. 

26. LOg Natural Recirculating System Subsystem: Propulsion 

During boost, oxygen in the internal LCv, tanks is circulated within the 

C. 

tank3 by providing small amounts of heat .0 provide natural density gradients 
and thereby establish convection currents . This heat could be provided by 
hert pipes coupling some local heat source during boost to the ri ;:er pipe 
"beneath " the tanks. 

27. Water Chiller Subsys-*-- .: ECS 

The dr inking water can t : chilled by coupling the water to the ECS 
coolant loop by means of heat pipes. This approach avoids the possibility of 
contaminating .--he drinking water with ECS fluid. 
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APPENDIX B-l 

HEAT PIPE JOINING TECHNIQUES 

This appendix contains descriptions and drawings of several possible heat 
pipe joining techniques. Both the conductive interface type and the internal 
mating type are presented. The former are efficient means of thermally 
connecting two complete heat pipes; the latter method enables one large heat 
pipe to be made of several smaller subsections. 

Figure B-l.l - Conductive Interface - Saddle Bolted 

This can be used to join conventional heat pipes together in series. In 
configuration (a) the heat pipes are completely encased between two halves of 
machined saddles; contact pressure on the HP/saddle interface is provided by 
the bolt torque. In configuration (b) the heat pipeB are held in place by 
welding the tubes to the saddle recesses; the saddles are then bolted back to 
back. Contact pressure depends on preload at welding. Both configurations 
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Figure B-l .2 - Conductive Interface - Flange Bolted 


These are extended flanged heat pipe tubes which are butt spliced to 
each end of the heat pipes to be joined. The unspliced end of the extended 
section is sealed. The joint between the pipes is made by screwing or bolting 
the flanged sections back to back. A high thermal conductance grease is used 
between the flanged mating surfaces. ___ 


Figiure B-l. 3 - Conductive Interface - Clarped Saddle 

This can also be used to join conventional heat ±. ,es in series. The heat 
pipes are held between the hal/es of machined saddles. Control pressure 
between the pipes and saddles is provided by strap type clamps every two to 
three inches as required. 


F igure B-l. 4 - Conductive Inter face - Socket Type 


(\ V 


The male evaporator end of one heat pipe is inserted into the female con- 





denser end of the second heat pipe. The stepped wick transports condensed 
fluid to the artery gradually over a large surface area. 

Figure B-1.5 - Conductive Interface - Heat Pipe Augmented Saddle 

A thick wall tube containing integral heat pipes overlaps both ends 
pipes to be joined. Heat 1 g transferred from the condenser end of ' 
one heat pipe, through the splicing tube, to the evaporator end of the 
second heat pipe. 

Figure B-1.6 - Artery "Y” Splice 

This method can be used to split heat pipe flow paths. 

Figure B-1.7 - Butt Splice 

This type of splice con be made in place on the vehicle by using portable 
induction heating elements which braze the two stainless steel ends of the 
heat pipe sections together. It's necessary to use a stainless eteel section 
because the gold/nickel brazing alloy is not compatible with aluminum. The 
required aluminum/stainless transition tubes are commercially available. The 
internal arteries are butt spliced together using a sleeve made of screen 
mesh or thin wall tubing. 

Figure B-1.8 - Butt Splice using Standard Fitting 

Heat pipe butt splices can be made in place on the vehicle using standard 
Gamah fittings for joining the pipe envelopes; sleeve splices can be used for 
the arteries. The sketch shows how a JT14 fitting can be used to join two 1 inch 
O.D. heat pipes. 
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APPENDIX B-2 


DESIGN CURVES FOR SELF- PRIMING HIGH-CAPACITY HEAT PIPES 


In roost potential aerospace applications of heat pipes, minimum weight 
is a requirement, forcing the designer to use the heat pipe of smallest di- 
ameter which is capable of transporting the heat load* Although many 
parametric computer runs were made to determine the effects of wick parameters 
on performance, this information was not sufficient to enable the designer to 
choose the pipe diameter and working fluid to be used in a particular heat 
pipe application. For this reason, it was decided to see if a relationship 
could be found between capacity and general heat pipe characteristics which 
would serve as. a preliminary sizing tool for design. 

The first step taken was to optimize wick parameters for heat pipes of 
several diameters and working fluids in order to maximize capacity (based on 
groove dryout). It was decided to limit this study to pipes with inside 
diameters of 0.5, 0.75, and 1.0 inches, and, initially, to the working fluids 
ammonia, water, and Freon-21. The fluid properties used were those of ammonia 
and Freon-21 at 90°F, and those of water at 100°F, as these aie normal oper- 
ating teirperatures of electronics equipment, a typical shuttle heat pipe 
application. The evaporator and condenser sections of the heat pipes for this 
study are threaded to minimize fluid layer thickness and temperature drops 
through the fluid. Threads as fine as is practice! are used; for this study, 
a pitch of 150 threads per inch, a width of 0.002 inches, a root of 0.001 
inches, and a depth of 0.005 inches were used, these figures being easily 
attainable. The wick parameters varied to produce optimized wick designs were 
the tunnel core diameter, the gap spacing, the number of retainer webs, and 
the number of spiral wraps (Figure B-2.1). A limitation on the diameter of 
the tunnel core of 0.2 inches wa3 set. Altnough larger diameters are possible 
and theoretically provide a greater maximum capacity. ey represent an ex- 
tension of test results and are therefore less conservative. Core diameters 
as small as 0.1 inches were used. These parameters were varied to produce the 
maximum calculated capacity in a heat pipe with a ’>8 inch evaporator section 
and a 48 inch condenser section. These dimensions were chosen because some 
parametric information on heat pipes of these dimensions was already available. 
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Once optimum wick designs had been chosen , the capacities of heat pipes 
with 46 inch evaporator sections, 48 inch condenser sections, and adia^tic 
transport sections of differing lengths were determined. Using the 1.0 inch 
ID ammonia-filled heat pipe as an example, these capacities were plotted 
against the effective length of the heat pipe (Figure B-2.2). As the re- 
sulting curves appeared hyperbolic, it was decided to plot the same data 
against a logarithmic scale (Figure B-2.3). A pair of straight lines re- 
sulted, one showing the relationship between capacity and effective length 
when the vapor flow vas turbulent; the other (for longer lengths) showed this 
relationship for laminar vapor flow. 

Similar data points were generated for 0.75 inch and 0.50 inch diameter 
pipes and for water and Freon-21, in all pipe diameters. These data are 
plotted, by fluid type, in Figures B-2.4, B-2.5, and B-2.6. 

To expand the applicable scope of this information similar curves we re 
generated with 24 inch evaporator and condenser sections and plotted on the 
same graphs to show the effects of varying the evaporator and condenser lengths. 
No significant difference in performance was noted except in heat pipes of very 
short effective length. A heat pipe with a 43 inch evaporator and a **8 inch 
condenser has the same effective length (4 feet) as a heat pipe with a 2k inch 
evaporator , 24 inch adiabatic transport section, and a 24 inch condenser 
section, but the former will have a higher capacity. The slight difference in 
capacity is due to the increased pressure drop in the grooves and webs at the 
higher heat flux levels associated with the shorter evaporator and condenser 
lengths. 

The curves in Figures B-2.h, B-2,5, and 13-2.6 were then used as design 
tools in each specific shuttle application. The required load to be transported 
and the distance from heat source to sink being known. * he corresponding design 
point could be found on each of the three charts. Ii it appeared below the- 
optimum design line, the pipe corresponding to that line was used; if it arp^ared 
above the line, either n different heat pipe or a number of iv.at pipes connected 
in scries or parallel would be used. 
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B-2.1, curves were plotted to produce Figures B-2.7, B-2.8, and B-2.9 for the 
three fluids, and pipe diameters considered in this memorandum. 

These curves are used by calculating the load per unit length of the 
evaporator and condenser in watts/inch, reading up to the appropriate curves, 
and then reading across to find the temperature drops in the evaporator and 
condenser sections in F. These are added to determine the temperature drop 
through the entire heat pipe. Temperature drops through any conductive inter- 
faces must be calculated separately. 

If the heat pipe is attached to a surface by means of a saddle, only a 
fraction of the pipe area at the inside diameter may be considered as effective 
heat transfer area, and the temperature drop obtained from Figures £-2.7, B-2.8, 
and 3-2.9 must be multiplied by the inverse of this fraction to obtain the true 
temperature drop. 

The coefficients in Table B-2.1 come from heat pipes with 80 to 90 threads 
per inch, and so must be used with caution, as the pipes considered in this 
memorandum have 150 threads per inch (see note in table). This should make the 
curves slightly conservative, as the finer threads produce a thinner, more evenly 
spread fluid layer. Development work in this area is continuing and the data 
will be presented as it becomes available (see, for example, reference 18). 
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APPENDIX C-l 


Evaluation Matrix, - Heat Pipe Applica tions 
C-l.l 


‘APPLICATION: Leading Edge TPS - Keat pipes i3othermali2e circumferential and 

longitudinal temperature gradients in local high heating rate areas. 


CRITERIA 

RATING COMPARED 
TO BASELINE 

C0;«ffiHTS 

WORSE THAN 

BETTER THAN 

1. Temperature Gra- 
dient 


X 

Isothermalizes Leading Edge 

2. Capacity Margin 


X 

Heat pipes can transfer twice 
the load required of them. 

3. Bower Require- 
ments 


** 

None Required 

4. Control Require- 
ments 

* 


None Required 

5 . Weight 

X 


Weight of heat pipe structure 

6. Safety 



Must be failsafe in any case. 


REMARKS: Requires development effort in bonding heat pipes tc carbon/carbon 

backface or coming up vith an integral carbon/carbon heat pipe 
envelope. 
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Evaluation Matrix - Heat Pip© Applications 


C-1.2 


APPI JCATIQN : Landing Gear - on-orbit temperature control of wheel well 

compartments using F-21 HP radiator* 


FATING COMPARED 
10 BASELINE 


, tpTnrc»T>T a 


I TtTT A *T I *>r 

I j — 


COmErTo 


Temperature Gra- 
dient 


2* Capacity Margin 


3* Power Require- 
ments 


k. Control Require- 
ments 



5* Weight 


6. Safety 



Brazed Joints 


Excess capacity inherent in 
HP design. It's not flow 
rate limited. 


Pumped loop incurs pressure 
drop through radiator. 


Built in diode control pre- 
vents hot case compartment 
load feedback to ECS. 


.95 lb/ft 2 vs 1.30 lb/ft ‘ c 


Both use F-21 which is non- 
toxic (Group U-5) 


REMARKS: Baseline system uses F-21 fluid radiator; HP system uses 

F-21 working fluid. 
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Evaluation Matrix ~ Heat Pipe Applications 

c-1.3 



APPLICATION : Heat Transport System - All HP system from source to sink. 



RATING COMPARED 
TO BASELINE 


CRITERIA 

WORSE THAN 

BETTER THAN 

COMMENTS 

1. Temperature Gra- 
dient 

X 


Excessive AT f s. Transport 
lengths too long; too many, 
joints. 

2 . Capacity Margin 


X 

Excess capacity in heat pipes 

3* Power Require- 
menta 


X 

No pumping power required for 
HP circuit. 

4. Control Require- 
ments 


X 

None Required. 

: 

5 . Weight 

X 

! 

i 

r 

Additional radiator weight 
needed for lower rejection 
temperatures. 

6 . Safety 

X 

' 

i 

Ammonia heat pipes needed for 
external transport system. 


REMARKS: Temperature gradients are so large that system becomes marginal, 

radiator area is insufficient. . 




Tne avionics HP circuit is treated in a separate evaluation. 
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Evaluation Matrix - Heat Pipe Applications 
C-1.4 


APPLICATION: Avionics HP Circuit - HP's couple avionics to ECS fluid header. 


REMARKS: 



RATING COMPARED 
TO BASELINE 


CRITERIA 

WORSE THAN 

BETTER THAN 

COMMENTS 

1. Temperature Gra- 
dient 

- 

- 

Equipment can operate at higher 
temperature's and still reject 
heat. Some AT at fluid header 
interface. 

2. Capacity Margin 


X 

Excess capacity in heat pipes 

3. Power Require- 
ments 


X 

No flow pressure losses with 
HP's. 

4. Control Require- 
ments 


X 

Eliminates flow splits and 
balance problems . 

5. Weight 

- 

- 

About same 

6 . Safety 


X 

No fluid connections, there- 
fore, less leaks and contamin- 
ation. 


1 
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1 

«<|> 


.5 
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j ■ 
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I 
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Evaluation Matrix 


Heat Pina 


C-1.5 

IT 

I •: 

APPLICATION : HP/Ri&se Change Remote Sink. 



RATING COMPARED 
TO BASELINE ' 

CRITERIA 

WORSE THAN 

BETTER THAN 

1. Temperature Gra- 
dient 



2. Capacity Margin 

- 

- 

3* Power Require- 
ments 

\ 


X 

4. Control Require- 


X 


ment? 


5. Weight 


6. Safety 


REMARKS: Although feasible, there are no definit 
Shuttle at this time* 


i cat ions 


COMMENTS 



None Required for HP's 


applications on the 








Evaluation Matrix - Heat Pipe Applications 


c-1.6 


APPLICATION: Air Cooled Commercial and Military Equipment (ATR Equipment) 


CRITERIA 

1. Temperature Gra- 
dient 


RATING COMPARED 
TO BASELINE ~ 

WORSE THAN I BETTER THAN 


COl-iMENTS 



2 . Capacity Margin 


Depends on Air Hx design 


3. Power Require- 
ments 


Lower pressure drop for ECS 
fluid • 


4. Control Require- 
ments 


5 . Weight 


6 . Safety 


No fluid connections near equip- 
ment ; no leaks and no contamina- 
tion. 


BIMARKS: Baseline system would use ECS fluid/air heat exchanger in the 
enclosed equipment rack. 


I I 


. £ 2 

. /_•:! 


i 
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Evaluation Matrix - He at Pipe Applications 

C-1.7 

APPLICATION : Flight and Voce Recorder - Remote Heat Sink 



RATING COMPARED 
TO BASELINE ' 


CRITERIA 

WORSE THAN 

BETTER THAN 

COMMENTS 

1* Temperature Gra- 
dient 

“ 

- 

Both systems designed for same 
requirement. 

2 . Capacity Kargin 

- 

- 

Limited by expendable sink 

3, Power Require- 
ments 


X 

None required - no flow losses 

4. Control Require- 
ments 


X 

HP's are self-controlling 

5. Weight 


X 

Eliminates long fluid line 
runs and controls. 

6. Safety 

. 


Less leakage hazard with heat 
pipes. 


REMARKS: 
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Evaluation Matrix - Ha -it Pi pa Applications 


C-1.8 


APPIilC/iTION : HP Radiator 


CRITERIA 


1. Temperature Gra- 
dient 


2. Capacity Margin 


3- Power Require- 
ments \ 


RATING COMPARED 
TO BASELINE * 

WORSE THAN I BETTER THAN 



(XJMMEHTS 


Evazed HP attachments 


Both systems would be designed 
for same capacity 


Less power required 

due to reduced pressure losses 

in radiator panel. 


H 


4. Control Require- 
ments 


Eliminates flow splits and 
talance problems. 


5. Weight 


,95 lb/ft 2 va 1.30 lb/ft 2 


6. Safety 


Baseline : Fitting leaks, tube 

puncture probability. 

HP : Limited amount ol‘ anaunla 

in HP header (** 200 gms) 


R04ARKS : Supply Header Possibilities 

1. VCHP header coupled to all heat pipe transport loop. 

2. Hybrid VCHP/fiuid header serving as a heat exchanger 
interface between the heat pipe radiator panel and a 
fluid heat transport loop. 

3. Individual feeder heat pipes on the panel coupled 
directly to a fluid supply header. 
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Evaluation Matrix - Heat Pipe Ap" Vi cations 


c-i.9 


APPLICATION : Heat Pipe Augmented Cold Rail 


CRITERIA 


1. Temperature Gra- 
dient 


RATING COMPARED 
TO BASELINE ' 

WORSE THAN I BETTER THAN 



COMMENTS 


Baseiine can't handle power 
densities 


. Capacity Margin 


Baseline can't handle power 
densities 


3. Power Require- 
ments 


Eliminates requirement for less 
dense packing and longer lengths 
of rail. 


4. Control Require- 
ments 


Wot applicable. 


5 . Weight 


Eliminates requirement for less 
dense packing and longer lengths 
cf rail. 


6. Safety 


REMA11KS: Baseline System (LM-type ECS cold rail) cannot handle high density 

packaging; this unit can. Without the heat pipe augmented cold rail, 
previous generation electronics would have to be substituted for the 
newer and more compact equipment. This would result in heavier pieces 
of equipment and fewer "boxes'* mounted per rail. The latuer requires 
longer lengths of cold rail which would result in increased flow 
pressure losses and rail weight. . 










Evaluation Matrix - Heat Pipe Applications 

C-1.10 


APPLICATION: j {p Radiator System for Fuel Cell 


CRITERIA 

RATING COMPARED 
TO BASELINE * 

COMMENTS 

WORSE THAN 

BETTER THAN 

1 . fenperature Gra- 
< 1 < ent 




2. Capacity Margin 

- 

- 


3- Power Require- 
ments 


X 

See C-1.8 

4 . Control Require- 
ments 


X 


5 . Weight 


X 


6 . Safety 


X 

1 



RS-UPKS: Some as C-1.8 except at higher temperature. Will not be developed 
as a separate application, but instead will be lumped with C-1.8. 
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Ev&lu&tion Matrix. 


APPLICATION: Air Breathing Engine Compartment 


1 

CRITERIA 

RATING COMPARED 
TO BASELINE ' 

WORSE THAN BETTER THAN 

COMMENTS 

1. Temperature Gra- 

tm 

. 


dient 




2. Capacity Margin 


X 

See C-l. 2 

3. Power Require- 


X 


raents 



. 

1). Control Require- 


X 


raents 



■ 

5. Weight 


X 


6 . Safety 

m 


■ -i 

♦ 

.1 

i 

REMARKS: Similar in 

concept to C-l 

1 • 

j 

*2. It will not be treated at; a separate ; 

application 

, but will be 

lumped with C-i 

l.2. : 

1 

i 
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PRECEDING PAGE BLANK NOT FILMED 
APFENDIX C -2 

HEAT PIPE RADIATOR FOR WASTE HEAT REJECTION 

Before Grumman was requested to halt investigation of heat pipe- waste 
heat rejection radiators under this study contract, some preliminary analysis 
had been performed. This appendix documents that work and the computer program 
written to calculate the heat rejection capacity of a heat pipe radiator. 

The baseline shuttle radiator (reference l) cons isle of 700 ft 2 of surface 
area broken into ten radiator panels mounted on the inside of the cargo bay 
door 3 . Under maximum heat load conditions, fluid inlet temperature to the , 
system is 117.2°F, and fluid outlet temperature is 35.5°F, The working fluid 
is Freon- 21 , flowing at 2,000 lb/hr in parallel through the panels. The heat 
load to be rejected is 40,800 Btu/hr; the environmental heat flux absorbed is 

o 

45 Etu/hr ft*". Overall radiator efficiency is 0 . 9 . 

A computer program to analyze the capability of any of the header con- 
figurations depicted in Section 5 of this report was written. To achieve maxi- 
mum flexibility, the program was made as general as possible. It assumed a flat 
radiator with a unrestricted view to space. A segment of the model is shown 
in Figure C-2.1. Fluid inlet and outlet temperatures, and a mean fluid 


l IN 


t mean 


OUT 
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temperature, are indicated. Heat is transferred from the fluid to the heat 
pipe vapor temperature, which could correspond either to the vapor temperature 
of a VCKP header or a feeder heat pipe. From this point heat is transferred 
into the panel, and then radiated to space. The following equations describe 
the performance of this model: 
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” 71 [ eAaT p/djEL " Absorbed 

.. m SjDJ 
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1 t m _ rn 
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VAPOR i 


( 1 ) 

( 2 ) 


(3) 


This equation uses the logarithmic mean temperature difference from 
heat exchanger theory as a 'AT. 


r r REJ 

T VAPOR = r MEAiI ■ COND, 


Q. 

T rn T 

PANEL VAPOR " COND 2 


00 

(5) 


These represent five equations in five unknows. Defining R* = eAoT ^ 

PANEL 

^ABSORBED and c ™bining the above five equations: 
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Since R ~ R (T w ), this equation can be solved numerically for T 

r ATt EL PAN el 

01106 T PA1IEL is kncwn » SUBJECTED and then T OUT lmy be found * To solve a 

radiator system containing a number of such sections (or panels) in series, 

let T IN e< * ual the calculated value of T^. and resolve the equation. A 
computer program which solves equation (6) by Newton's method and, if re- 
quired, solves it again using its own calculated values as input for a series 
of panels is presented in this appendix. 


By properly defining R 1 and R , panels with fluid headers and feeder heat 
pipes and panels with hybrid fluid/vCHP headers can be modelled. For the 
hybrid fluid/vCHP header: 


(aa) fluid to wall + ^ia), 


VCHP evaporator 


( m ) VC hP condenser 


"2 \ iiA I 

'VCHP condense: 


U 


feeder evaporato: 


VCKP/feeder HP interface area 

» (i-\ 

r \ 'feeder condenser 


Using these values, corresponds to the vapor temperature in the VCHP, 

^ PAIPT. c'°r responds oo the outside wall temperature of the feeder heat pipe 
condensers, the "root of the fin" temperature of the panel. For the case with 
a fluid header and feec.er heat pipes in the panel; 


■> -M 


fluid to wall 


+ (L\ 

! feeder evaporator 


2 Ml , 

\ /feeder condenser 


Using these values, T, 
heat pipe, and T. 


HP VAPOR corres P oncis to the vapor temperature of the feeder 
, ■ L p^ r pj j to the outside wall of the feeder heat pipe, again the 
root of the fin” temperature. 
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The first concept to be investigated was that cf the heat pipe radiator 
system closest to the baseline: ten panels in parallel, with hybrid fluid/vCHP 

headers. The capacity of such a system is insufficient, as can be quickly 
demonstrated. The VCHP must operate at a temperature below the fluid outlet 
temperature, as the heat pipe can be looked at as cooling the fluid to that 
level. Further, the feeder heat pipes must in turn operate at a lower tem- 
perature than the VCHP header in order to pick up heat from the header. The 
effective panel temperature will be even lower. 

The required heat rejection rate for one panel is readily calculated; 
including the environmental heat input, it is 103.6 Btu/hr ft^. In order to 
reject heat at this rate, a black body must be at 36 . 4°F, higher than the fluid 
outlet temperature. Such a heat pipe radiator arrangement is therefore im- 
practical. 

The radiator panel configuration is shown, in Figure SPL-U3, Sheet 2, in 
Section 5 of this report . The l" ID VCHP ammonia- filled header has a 6 . 5' 
evaporator immersed in an internally finned fluid header and a 6 . 5 ' condenser 
assumed bonded (by brazing or soldering) to the feeder heat pipe evaporator 
sections. The ammonia feeder heat pipes (13 per panel) have 5.75" evaporators 
and 11 ' condensers. and R^ were calculated, and the computer program run 
assuming two parallel groups (one on each door) of five panels in series. 
Methods used to calculate the resistances are the same as those used in 
Section 9*2 of this report, the heat pipe circuit. 

and Rg = 

2-102 x 10 Btu/hr are in Table C-2.1. Using the computer results, 

operating temperatures of all the heat pipes employed were calculated and are 
included in this table. 


Results of this computer run, with = 2.28 x 10~^ 


F 

Btu/hr 



As shown, the heat rejected by the uncontrolled system exceeds the require- 
ments slightly (in practice, part of one of the panels would be shut off by the 
VCHP, providing the desired outlet temperature). 






Such a system could easily be built with redundant headers, and micro- 
meteoroid protection of feeder heat pipes is unnecessary, so in terms of safrty, 
the self- controlled heat pipe radiator system is the equal of the baseline. 

Since the heat pipe system contains no valves or moving parts, it is also more 
reliable than the baseline. 
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. HEAT PIPE RADIATOR ROUTINE _ ' " 


INPUT AND INITIALIZATION 
READ (2*100) TP* L‘-‘ 

PFAD (2.101) TIN, ETA* C°m , CONDI* C0ND2* OARS* Fps, AR C A 
EX=EXP(C0ND1/CPV) 

2=(ETA/CPM)*(Ex/(1»-EX))-ETA/C0ND2 
1=0 

TPR=TP+A60. 

RTD = EPS*ARF.A#.1713E-8#TPR**4-0ABS 
C 9FGJV CALCULATIONS USING NEWTON • S METHOD 
F=TIN-TP+2*RTP 
20 1 = 1+1 

30 FPs*»l,+2*4,«-EPS # AREA' ,f »1713E“8*TPR'tnf3 
TPN=TP«F/FP 
TP'.'R = TPN+460. 

RTPN=FPS*AREA#,1713E-8#TPNR**4-QABS 

F=T IN-TPN+Z*RTPN 

C CHECK SOLUTION FOR CONVERGENCE 
IF (APS(F)-.OOl ) 50*50*40 
40 TP=TPN 

TRRs’f P+460* 

GO TO 30 

C SOLUTION FOUND— FIND RELATED VARIABLES 
50 orfj*rtpn*eta 

TOUT = T IN- ( ETA/CPv ) *RTP,N 

WRITE (3*102) I* TIN* TOUT* TPN QRE J ‘ 

T I Ns TOUT ; . 

IF (I-LM) 20* 60* 60 
60 CONTINUE 

100 FORMAT (F10o5*I5> 

101 FORMAT (PF10.5) 

102 5X * I3 ‘ 5x * < r 6.2*.SXj F6.2* 5X» F6.2* 5X* E19.9) 

F.ND 

// XEQ 



• § 

*■ i 



1 


n 





'V 

b 

| 
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where 


AREA 
COND 1 
CCND 2 
CFM 
EPS 
ETA 
EX 
F 

FP 

LM 

QABS 

QPEJ 

RTP 

RTHJ 

TIN 

TOUT 

TP 

TPN 

THJR 

TPR 

Z 


p 

area of one radiator panel or section, in ft 

O r\ 

conductance 1, Btu/hr fx °F 
conductance 2, Btu/hr ft °F 
m Cp, Btu/hr °F 

e, eraissivity of radiator panel 
T| » radiator fin effectiveness 

fraction involving exponential terms in equation (6) 

function on left side of equal sign in equation (6) 

derivative of F w.r.t. T-,.— 

PANEL 

number of panels or sections in series 
heat absorbed by AREA, Btu/hr 
heat rejected by ARM, Btu/hr 

r'(tp) 

r' (TPN) 

fluid inlet temp. , °F 
fluid outlet temp. , °F 

IpANEL’ °F, "root of fin" radiator temperature 
T PANEL* ° F ’ &fter iteration 

T PANEL> 0 R, after iteration 

T °R 

PANEL* K 

part of constant not including EX on left side of equal 
sign in equation (6) 
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APPENDIX D-l: FLANGE CONDUCTANCE STUDY FOR HP 

AUGMENTED CO ID RAIL 


The initial calculations of the temperature drop from the module 
box flange root to the cold rail box flange root were performed using the 
simple model shown in Figure D-l.l, With dimensions and materials as sped- 
fied in reference 6 (djL - .25", d 2 = .15", module box of Magnesium with 


K 


70 


Btu 


hr ft 2 °F 


), and the 1.8 inch wide flange specified for the thermal 


V. 


&- 


-AA'WV 




MODULE 

BOx 

FLANGE 


COLD 
Rai i_ 
!FLanoe 


model, the total R = ,5k'f 
°F/Btu/hr. At the mounting 

.70S" — _| site for the high power 

_ density equipment module, 
f 7 with a 70 watt (239 Btu/hr) 
thermal input, thi., implies 
i_. a temperature drop of 131°F. 
Since the maximum a3J-cwable 
box flange root temperature ' 

,403 vj is l4o°F, the maximum per- 

missible cold rail flange 
root temperature in thi3 

FIGURE 0-1.1 

configuration would be 9°F. 

With a 70°F fluid inlet temperature, holding the box temperature to 1^0°F cannot 
be done. 


W * 


R. 

-VVvV 


A higher conductance was needed. A step at a time, the material of 

both the box flange and the cold rail flange was changed to 6.101 Aluminum 

alloy (k = 125 — ), the thickness of both flanges increased (d. = 

hr ft ^F 1 

0.5 inches, d^ = 0.25 inches), and, based on reference 10, the interface 

Btn 

conductance raised to 1,500 — — 5 . Again using the simple model, the 

Op hr ft^ °F . 

total R = .221 , implying a temperature drop at the high watt density 

hr" 

mounting site referred to above of 53°F. While this requires maintaining 
the rail center at 87°F, this seems feasible with a 70°F fluid inlet tem- 
perature . 

With flanges as thick as these, the simple model originally •used is 


D-l 




/ 


not adequate. \ mere detailed nodal network representing the two flanges 
and the interface was constructed and r\in using a simple steady state 
thermal analysis programs the resulting temperature distribution is shown 
in Figure D-1.2. Using this model, and taking a mean box flange root tem- 
perature of 140°F, a more accurate thermal resistance can be calculated: 

°F 

= .199 Btu 
hr 

With a load of 239 Btu/lir, a cold rail flange root temperature of 92.5°F 
results. This thermal resistance is the one finally used in the detailed 
thermal model. 
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APPENDIX D-2: Computer Subroutine, Heat Pipe Augmented Cold ua:'.l 
PILE: CLC1 FORTRAN PI CALLO AT A VISE - SHARING 


SUnPOflTTNE CLC1 

c this suur:vittne is called at the start op every iteration 

COMMON STG (STD!)) , NPOS (50) ,1.1 (5°) ,1.2 (SO) ,HLAST (50) , PCT ( 5!) ) 

COM MO N KTLJ , NT A BS 

mNMON miFPpO) ,T ( 1CP") r CAP(1000) r CORD (2000) , RAT) (2?"G) ,0(100) , 

1 NCOND (2, 2CCC) , NR AD (2,200?) „NTN (1000) , NBN (250) , KEY (5) , NO ( ICO) , 

2 KAY (4) , FLUX (1000) 

COMMON TIME, DT TP! E , PTIHF, BHH, KNIN, KNON, HU, NS, K00P., KN?, 

1 POH'r, KOUNT 

C mrs SECTION OF THE subroutine CALCOLATPS the heat pipe 
C VAPOR temperature 

O T MENS TON AREA (4fi) 
no 5 T- 1 , U 8 
5 A RE A (T) =1.0 
,11 = 24 . 

UCNDR-lfi." 

HCNDP- 11.72 “ 

HFVPP=7.C2 

HEVPF=<3.77 

j2=jui 

.1 N = 2 * J 1 
DO 2" 1=1,01 

IE (T (T) -T (JN + 1) ) 10,10,15 

C NODE T TS ACTIN'! AS A CONDENSER 

1C COND(T) = AREA (T) *HCNDP 

GO TO 20 

C NODE I IS ACTING AS AN EVAPORATOR 

15 COND(T)=AREA (I) *HEVPF 

20 CONTINUE 

no 24 t=J2,.TN 

IF (T (t) -T (JN* 1) ) 21,21,22 • 

C NODE I TS ACTING AS A CONDENSER 

21 CONO(T) = ARFA(T) +HCNDR 
GO TO 24 

C NOHF I IS ACTING AS AN EVAPORATOR 

22 COHD(T) =AREA(I) *REVPR 

24 CONTINUE 

C SOLVE FOR STEADY-STATE VAPOR TEMPERATURE 

25 SllMO= 0.0 

SUMTC = 0.0 __ _ 

DO 3U 1=1,. IN V* * 

sumc=cond ( i) fsunc 

SUMTC=CONO(T) *T(I) *50(110 

3* CONTINUE 

TVAP=SHHTC/SUHC 

C DRTERH INF WHETHER CONDUCTANCES MUST RE CHANGED 

KLANG = 0 

DO c -0 T = 1 , .1 N 

TF ( (TVAP-T(T) ) /(T (.INtl) -T (ry ) 35,50,50. 

35 KLANG=1 

TF (T(T)-TVAP) 40 ,40,45 

C T ( T> WTLT. NOW BE CONSIDERED A CONDENSER 

40 TF (T-J1) 36,36,37 

36 COND(T) =HCNDF*AREA (T) 

" GO TO 50 


COLO C 0 1 * 
COLO " " 2 " ’ 
COL ) r " 3 ' 
COLO' • :« '* 
COL"'' '•*" 
COL?""* 1 ? 
COL """ I 1 '” 

COI.''" C''" ■ 
COLO" " "" 
COLO" 100, 
COLO" 110 
COLO<" 1 2 0 3 
COLO" ID 
COL"*" 14".’ 
COL n " 1 r O , 
COL"" 1 0'" 
COLO" 170- 
COLOOIP" 
COLOci n" ' 
COL" " 2" ", 

colo"?i: 

COLP"220- 
COLO" 2 3" 
COLOO 240'’ 
COLO"250 - 
COL 00 2 60 
COLOO ?7% 
COLO02H". 
COLO"2 0 .? ’ 
COLOO 32 0, 
COLOO 31?" 
COL n " 320 
COL02 3 10 
COLO" 34 O'* 
COL" 1 " 3 5 0 
COLO" 360 
COLO" 37", 
COL"'" IP" . 
OOT.""39C' 
COLO" 40 0 
COLOO 4 1 ''I 
COLO.C 4?0 j 

colopuio 


COL?" 

4U?m 

COLO" 

a so 

COL"? 

4 6?" 

COT, 0 ? 

. J7 „ 

COLOC4M" 1 

C O L 0 r 

u or 

COLOO 


COLO ^ 

si? j 

COL00 

5o:.i 

COLO" 


COL''" 

s u 0 j 

COLO" 

s r ^ 



□RUMMAN 


I 


TLP: CI.C1 


PORTRAH PI 


CALLDATA TIME - SHARIN'; 


17 CONt) |I) = HCNDP*AREA (I) 

s n to so 

K T ) WILL NOVI RE CONSIDERED AN EVAPORATOR 
TP (T-J1) 46,46,47 

46 COND (T) =HEVPP*AREA(T) 

.00 TO 60 

47 CONn(T)=REvpR*AR E a( I ) 

69 CONTINUE 

T (ON* 1) =TV AP 

CON DUCTA NCES HAVE .CHANGED, RECALCULATE VAPOR TEMPERATURE • 

TP (KLANG) 55,56,25 - ' 

6 6 CONT T HUE 

THIS SECTION OP THE SUBROUTINE .CALCULATES THE FLUID 
1 EMPPRATURES, USTNG STEADY-STATE METHODS FROM GRAFTON 
DO 111''- 1=100,111 1 

PIRjT CALCULATE PLUTD • AVENGE* TEMPERATURES FOR BOTH FLUID 

•“ 

T (T) = (T(I-5P) *COND (T-50) *T (1-99) *C0ND (T*68) ) / (CONU ( 1-50 ) ♦ COND 

T(T + 12)=(T(T-3R)*C0ND(r-. 1 l8)>T(T-87)«'C0Nn(T + 90p / 

1 (COND (1-38) + COND (14-80) ) ' 

TP ( T - 1 1 1 ) 120, 140^ 140 

CALCULATE FLUID INLET TEMPERATURES FOR EACH SECTION 
120 T (1-4 9) =2. *T (I) -T (1-50) 

T (T-37) =2. *T(T*12) -T (1-58) 

140 CONTINUE 

CALCULATE PLUTD OUTLET TEMPERATURES' 

T (98) = 2.*T(111J-T(61) 

T (99) =2.*T(12 3) - T(7 3)" ’ 

RETURN 

END 


(T* 


COL^CSf, 
COLOCS7 
COT.'"". 1 * 
COL'" 59 

COL0?5->' 
COLO'S 1 1 
COLO On,?:. 
COL- nr 6.V 
COLl"6U- 
COLTS' 
COLO 06 6! 
C 0 L 0 0 6 7 ' 
COLO" SRC 
C0LPP59: 
COLO ^ 7 0 ■ 
COLO" 7 1 < 
COL0072C 
COL n O 7 'j- r 
COL0074 ’ 
COL007sr 
COL9?7n' 
COL0 r 77f 
COL0078U 
CO10079C 
COLOUR O' 
COLOUR 1 ' 
COL° '■ R 20 
COLOUR :io 
COLOOR4 0 
COL n C850 
COLOOR60 
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APPENDIX D-3 

KEaT TRANSFER FILM COEFFICIENTS FOE 3/8" ID INTEENALiy-FINNED TUBE 


The Sieder-Tate equation (reference 19, page 392) provides a means 
of relating the Nusselt number with the Graetz number: 


Nu = 1.86 

= °P 


1 k v 33 

(**) 

v.°» 

l* j 


Since G z = , and neglecting the viscosity correction 

term, this reduces to 


hi) 

k 




1/3 


» » 

J 


or 


h ff!nn<s+. ^ lr 

is solely dependent cn geometry. 


(Const.) k ^ (m Cp) where the constant 


In order to formulate a thermal model for the heat pipe augmented 
cold rail, an accurate estimate of the heat transfer coefficient from the 
coolant fluid to the inside wall of an internally-finned tube must be 
available. A curve (Figure D-3) giving the experimentally-determined heat 
transfer coefficient for such a tube in terms of flow rate in gallons per 
minute was available, but for the Apollo Project ECS Fluid, which was a 
mixture of ethylene glj.ol (60$) and water (40 %). Some way had to be found 
to account for differences in the fluid properties. 


The film coefficient for distilled water at the same flow rate and 
in the same tube i3 obtained from that for 60-40 glycol by using a ratio based 
on the above equation, dropping geometry and flew rate terms: 


water 


glycol 


<fc 2/3 c„ 1/3 ) , 

P 'water 

~W. 


(St 


~2/T 


). 


"T / glycol 

As fluid property data for both water and a 6 f J-40 glycol/water mixture are 


readily available, this correction is easy c ap.oly. 




i* \ 
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APPENDIX E - AVIONICS HEAT PIPE CIRCUIT ANALYSIS DETAIL 


(I) Conductances all conductances are of the kA or hA type. 

o box flange -to-feeder heat pipe: (same module box and f lang e as 


in Appendix D-l) 



.00227 + .01040 + .00260 

Total resistance on 44-inch flange ^ .H2°F/watt 
Resistance on rail (two flanges) «= .056°F/watt 

Btn 

p 

As indicated, the flange contact conductance is 1000 hr ft °F, and a 
Btu 

conductance of 500 hr ft^°F is used between the aluminum rail extrusion 
and the copper sleeves Insert to simulate poor thermal contact. 

» Feeder heat pipe-to-heat header: 



R «= ( l44_) oii7°p /&t 

feeder condenser 2500 x .7 x 7.0 ,UJ “ L ' t/az 

^interface = 0 ( solaered or brazed Joint) 


n (144) 

header evaporator = 2080 :i 7. x 1.5 


.0069 


R T0TAL 


0634°J*/watt 





(2) Feeder heat pipe vapor temperature 

With a maximum load of 200 watts evenly distributed over the cold 
rail, the flange root temperature is to be maintained at or below 
l40°F. The temperature drop from the l40°F flange to the heat pipe 
vapor, calculated using the conductance Just obtained, is 

.056 F/watt x 200 watts = .11, 2 “F, 
and the feeder heat pipe vapor temperature is 128. S°F. 

(3) Header heat pipe vapor temperature 

The temperature drop between the 128. 8 °F feeder heat pipe and the 
header heat pipe vapor is 200 x .0634 = 12.7°F, so that header heat pipe 
vapor temperature is ll6.1°F. 


(*0 


(5) 


Heat exchanger over-all conductance (Do Ao) 

Heat flux between the heat pipe header and the coolant equals 
the overall heat transfer coefficient of the exchanger times the 
logarithmic mean temperature difference between the heat pipe and the 


fluid. Hence 

Q 


total 


U0A0 » T out - T in 


fan. 


j t hp ~ T m \ 

l T HP - Tout) 


l hp - ^out; 

Heat exchanger design 


700 

— CTVi 1 ^ 
/116.1 - 68. l\ 
^vn 6 " i~'^.3 J 


700 

31.7 


= 22.1 


watts 


A heat exchanger design with a calculated overall heat transfer 
watts 


coefficient of 22.1 °F is required, with as small a pressure drop 
as possible. In order to use the area of the heat jBjaemost efficiently, the 
pipe sho-ild be immersed in the fluid coolant. This suggests using bare 
concentric cylinders, but when calculations were performed, the required 


I 

I 

1 

1 

8 

1 


1 


*> 

g 


*7 

& 
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length of such on exchanger Is excessive 

A conclusion of reference 20 is that the curves of Coburn j -factor 
in reference 2.5 for flat plate fin heat exchanger elements con be used 
for equivalent radial fin surfaces without modification. This allows 
the calculation of overall heat transfer coefficients from flow rate and 
exchanger geometry. 

The standard formula for heat exchangers fitting the suggested concentric 
geometry is 

1 = _ 3 - + 1 + 1 

UG A ° h A heat * A wall h A fluid side 

pipe side 

The term on the left hand side has been previously calculated, and the 
heat pipe and the wall terms are both included in the measured condenser 
film coefficient, leaving only the fluid side term to be determined bn 
the basis of exchanger configuration. 

To determine the fin geometry, reference 15 was used as a catalog, with 
the most desirable fin being a plate fin element with few fins per inch 
(to minimize pressure drop) and with short fins (to a ,r oid large distortions 
of fin geometry and increase fin efficiency). The fin design chosen is 
that of reference 15, figure 10-26, page 195, having 11.1 fins per inch 
0.25 inches high. 

With water flowing through this fin geometry wrapped around the 

O.875 inch 0 D. heat pipe at 85 lb/hr, the Reynolds Number is 75.2, and 

the Colburn J -factor is . 0349 . The exchanger film coefficient and efficiency 
Btu 

are 38.3 hr ft2°w ar.d .901, respectively. Total heat transfer area is 1.812 
times L, where is the exchanger length is feat. 


E -3 


f 


k 

I 

The required length of the exchanger can now be calculated by ~T 


using the above equation: 





APPENDIX P-1 


System Heat Leaks 


To minimize the heat transfer frcm the environment to the modular 
heat sink system all components will be covered with a £ inch thickness 
of TG- 15000 insulation. The outside surface of the insulation will also 
be wrapped with a single layer of oxidized nickel foil to provide a radia- 
tion barrier. 


1. Flat Plate Configuration (Cold Plate and box surf aces) 



£ 2 
e 3 

F/i-j 


(1) = inside insulation (107°F) 

(2) = outside insulation 

(3) = structure (207°F) 

(4) = atmosphere (207°F) 


.05 

.20 

1 



.12 (10" 12 ) BTU/Hr in 2 R* 



k_ .00267 

t t 


BTU 

Hr in 2 °F 



hr .695 (10’ 3 ) 


PTU 

Hr in 2 °F 


Vl 3,2 IF for A = 28 in2 


Neglecting radiation which is less than 10$ of the heat gain anyway, 
the following general expression is obtained. 


Vl 


.00267/t 

, . .00267 
1 "”ht 


(Flat Plate) 
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L(T 3 - T x ) C 


2"]T r h k 


k + r 0 h in 

For h = .693 (10' 3 ) BUJ 




Hr in 2 °F 


k = .00267 BTU 

Hr in °F 


inside insulation 
outside insulation 
atmosphere 


(Cylinder) 


JL__ 

LAT 


.00165 r o 
2.67 + .695 r c l n 




PCM Container: L = 10 in r i = 1*5^ 

AT 5 100°F 
Q = 7.1 BTU/Hr 


r ± + .25 


HP's: L = 5 + l4 = 20 in of exposed length 

r i = -625 r 0 " r i + *25 
AT a 100°F 

Q = 7.0 BTU/Hr 

3. Diode conduction losses = 1 watt for a .028 wall 

4. Bolt/washer conduction losses for a No. 10 steel bolt and . 3 ' inch thick' 
fiberglass washer = <048 BTU/Hr °F per connection. 


- *T 

l 

~T*' 

t 



.1 


1 


ft 

-fc 




.& 

•J 


• 
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22 BTU/Hr 






22 

(35)0.412) 


18.5 ia of dissipation 
use 20$ for design 



l KliCiiDL'iu i’AGU iiLAoiK SOL' i-'iLMEQf 
APPENDIX P-2 
PCM Container Analysis 


Assumptions: 

(1) Contact resistance between the filler material and cold plate 
or heat pipe is negligible. 

(2) Three dimensional heat transfer effects are neglected due to 
uniform application of heat flux and close proximity of filler 
material. 

The required effective conductance of a PCM is defined as the ratio of heat 
flow into the PCM to the temperature difference between the PCM melting point 
and the maximum heat pipe wall or cold plate temperature. 


1. Cylinder Container - Circular Fins 





K-, 


t 

( r 0 / r l ) 

4Tk PC, S 

in 




In a length, L, there are fL fins. 


Effective Conductance 


^HP-PCM 


‘ ,Tt F t *PCM fr,V> 

( r c/ r i> s 


in 


« f 


^ t ^PCM^ r o " r j 2 ^ 

ln( r o/ r i) s 


^kpCM S 

in (r^) 


Fin Weight 




PCM Weight 

W. 


PCM 


/’pCM ^o 2 ~ r i 2 ^ * f *) 


2. Cylindrical Container - Longitudinal Fins 


1 

I 

1 

!i 

I 






I 
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K, 


2 t Lie 


*2 - 


4 L r 


/ r \ 

H4 


^PCM 


r o < r o “ r i^ k PCM 
r o ‘ r i k + 20 ^ ) 


For H fins in a length L: 
Effective Conductance 


2 TTr, 

N = = No. of fins 


t + S 




PCM 


4tk F Jc 

= h) (r o *- r i> S 


/ r,\ 

( t 7) ^PCM 


2 r 


* V 2 


0 


^PCM 


r ^ r o" r i' k PCM 


v r i !l - 111 (t?) > 


Fin Weight 


W„ 


T~ " » /f ‘ (r o - r i> 


PCM Weight 


W PCM 

L 

/pchUV - .,*> 

2 r. 

d - ~ f 

y +r. 

t) 



f 

o i 




Longitudinal Fin Resulis (t ■ 

= . 016 , => 

•31, - 1«56) 


K BTO 

Mip imwm A 

W 

W PCM 

lh 

W T0TAL 

N 

I. Hr °F-in 

L 

in 

L 

10 

.302 

.198 


.238 

20 

♦546 

.194 


.234 

30 

.345 

.187 


.247 

40 

.325 

.182 


.262 
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3. Rectangular Container - Straight Fina 



f - t~Ts fins per 


K - ^ W t K - "K®* 


ltp C w 2 HW 


1 H 
2 



PCM 


sw 


*3 = ^FCM | 


Neglecting the contribution of the shaded area for conductance only: 
Effe c tive C on ductance 

^P-PCM „ C ** ^CM * W 1 2 ^PCM 8 *'l 


H 




Fin Weight 


W p - ^ptWHfL- fattLiZr 2 * iTr 2 ) 


PCM Weight 


W. 


PCM 


^ PCM ^ ^ ^ PCM L ^ ( 2 r i + 2 r i ^ 


cch 
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APPENDIX G 


DETAIIED DESIGN CAICUIAIIONS FOR THE 
AVIONICS RACK HEAT EXCHANGER 

A. Heat Pipe Optimization Calculations 

Hie method used to determine the optimum number of one half inch 
square, 15 inch long pipes and the relative evaporator and condenser 
section lengths is discussed below. 


The total heat pipe temperature gradient, A%p (evaporator section 
plus condenser section film losses... transport losses being negligible) 
may be expressed as a function of the number of pipes, N, and the evaporator 
length, L (the condenser length is equal to 14.75-L inches allowing 0.25 
inches for a transport section). Additionally, the evaporator section unit 
heat flux, q^ va p, must be determined as a function of N and L to verify 
that fluxes of less than 25 watts/in^ are achieved. 


AT, 


HP 


evap 


rA 

TEaT 


cond 


where 

Q 

^evap 

h cond 


B 1980 watts, design load 

" 2000 Btu/hr-ft 2 -°F, evaporator film coefficient 

= 2500 Btu/hr-ft 2 -°F, condenser film coefficient 


An expression for the evaporating surface area, A evap , and condensing 
surface area, & cond » n«y he derived in terms of N and L. 


A 

evap 

■^cond 


= 2 x [0.496 + 2 (0.248 ^ d )] 
= 2 x [0.496 + 2 (0.248 ^ 2 )] 


x N x L, and 
x N x ( 14 . 75 -L) 


In the above expressions, ^ and are the evaporator and condenser 
section conduction fin efficiencies or the two heat pipe sides not in direct 
contact with the fluid stream cores. 


G-l 





Using standard techniques, these efficiencies were calculated (based 
on applicable wall thickness, thermal conductivity, film coefficient and fin 
height) to be 0.66 for and 0.62 for/^ g. 

Using these values, the area terms become 
* 1.646 x N x L, in 2 
- 1.602 x N x (14.75-L), in 2 

The expression for "the "total heat pipe temperature gradient therefore 
becomes: 



Similexly, the repression for the evaporator section heat flux may be 
derived as a function of N and L. 


A 

evap 

A cond 


Wp = A 5 - " "TH? » watts/in 2 

evap 

B# Air Side Design Conditions 

As calculated in section 9-4 of this report, the total available sum 
of thermal resistances on the air and water sides of the beat exchanger is: 




0.00362 


°F-hr 

BTU 


Since the air side film coefficients were expected to be quite lower 
than the water side, and the pressure drop requirements on the air side were 
quite stringent, it was decided to allocate the major portion of the avail- 
able thermal resistances to the air side. The following split was made: 







■ *'. /" * t- /'■ 


.* /V. >• ; . 


• ' 


The allowable air system pressure drop corresponding to a fan power 
allowance of 180 watts can be calculated as follows: 


Qjr 


‘Fan 


144 x AP x * 




an 


where, 


Fan 


A? 


Fan 


27.7 (.0750) (778) (3.415) 


.0261 6 <5^ <6, p 
"p” — , watts 

«• 


air flew rate, lbs/hr 

1000 . 

fan efficiency 

0.35 (per vendor supplied information) 

pressure drop at operating temperature and 
pressure, in RgO 

ratio of air density at operating conditions 
(10 psia, 125°F) to density at 14.7 psia, 70°F 

.0461/. 075 * 0.6l4 

fan power allowance, watts 

180 . 


Substituting values and solving for r A P, we obtain: 

P = 0.914 inches of HgO (total system loss) 

Allowing 10# of this figure for ducting losses, we obtain for our 
allowable core loss: 




m 

m 




^“ P ^Core “ 0.819 inches of HgO 

The design of the air core was performed using a Grumman developed 
technique for sizing a laminar plate-fin heat exchanger (reference 17). 

The method uses a mathematical correlation of heat transfer data for the 
flow of air in rectangular ducts compiled in reference 15. In particular,” 


0-3 


S3 




it Is found that both the product of friction factor and Reynolds number, 
as well as Stanton number, Prendtl number (to the two thirds power) and 
Reynolds number, are constant in the laminar region. By specifying ! '.e 
allowable UA, pressure drop ('o' A P), flow length, and one dimension of the 
frontal area, the method allows one to determine the other frontal dimension 
as well as the number of core layers and fins per inch required in the ex- 
tended surface. 

Two core/heat pipe configurations were considered in arriving at the 
final design. These two concepts are pictured below: 



1 


In concept #1, the air cores are positioned adjacent to a single row 
of 8 heat pipes. Although design calculations were performed, this concept 
was rejected. The B dimension required was excessively large (approximately 
o inches) consisting of approximately ho layers of very small core material. 
In essence, therefore, the design requirements could not be met for this 
configuration. 

Concept $2 positions 3 sir cores about two rows of four pipes each. 

The center core is actually two of the outer cores back to back since we need 
an equal amount cf core on either side of each row of heat pipes to achieve 



uniform performance. This concept proved to be the ODe chosen for the 
final design. 


Since UA^j. B 360 Btu/hr F , the required UA per sore is 90 Btu/hr °F 
(or 100 Btu/hr °F including a 10$ safety factor). 

The design calculations using the method derived in reference 17, are 
shown below: 


UA, 


‘Air 


waer e . 


^ [t-h [-it- <^) 


x = 


4g c 

.385 


r 


N 


STD ^ AP C 


st 


W 3 LB 


K 


Air 


i> - 1 


1 T 


•4 •; 


4 


£ 


t : 


■h . 


•I 


where. 


UA 

L 

W 

B 

0 

K 

e c 

f STD 

AP 

C P 

n ST 

f 

*Air 

X 


requisite heat transfer coefficient, Btu/hr °F 
0.1835 feot, flow length 
0.792 feet, heat pipe contact length 
cere depth 

fin thickness + fin spa cing , 

fin npnr-ir ^ & ~ ^- 2 5 for 20$ solid core 

125 Btu/hr- ft«°F (1109 aluminum) 
gravitational constant, ft/hr 2 
0.075 lb/ft 3 

0.819/12 inches of HgO water 
specific heat of air = 0.24 Btu/lb-°F 
Stanton number 
friction factor 
250 lbs/hr per core 

1.0 + spacing plate thickness 

1.0 


*v 

■4 

Jh 

3 


$■ 

I 

■ 

S‘ 


'i 

\ 

% i 
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From Ref. 15 for rectangular tubes having an aspect ratio, , of 8 , 


2/3 

N 3e N ST N PR =6.7, 


T -1.35 

H Re f -T“ " 21 ‘°> 


where , 


w 


K 


PR 


or 



= wall temperature, and 
= air temperature, °F 


« 0.7 



173 

21.0 (0.7) 
0.368 


Substituting in our expression for X, we obtain, 

X = 137,100 B 

Assuming that the hyperbolic tangent term is equal to 1.0, 

UA = ^ X, 1 or 

2 2 
TTA 1 on 

B ■ W ‘ »P30 - .0728 ft = .874 inchao 

To check, substituting these values into the complete expression for 
UA, we get, 


UA - 100 tanh (2.2l) = 97*6 (good enough) 

The required hy dx a. M II c diameter, d^ is calculated from 

2 .335 ^^Air f L 

\ = STD g c * * e WB 

= 1*5.5 x 10"^ ft 2 

cljj = 3.935 x 10" 3 ft = 47.2 x 10" 3 inches 
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♦ X 


the core opening, b = d^ 


w, 


2 


where 


Substituting, b * 0.2 12 inches. 


«.= aspect ratio «* b/a = 8 


The number of layers comprising the core, is 


N 


B 0.874 

b 0.212 


4.12 


Since we cannot fabricate a fractional layer, we will calculate the 
new geonetry required for an integral, number of layers. 


From the two expressions above for d n 2 and we can derive a relation, 
ship between B/x and N. In particular, 

(B/X) 3 » 22.85 x 10" 6 H 2 
For K « 4 

B , .2 

^ “7.16x10 ft <* 0.860 Inches 

**h ; B “9“ ^ ^ “ 0.04775 inches 

b > B/^K • 0.215 inches 

With a spacer plate thickness of 0.010 inches, 

“ 1.05 


Therefore, 


B, 


Total 


“ .860 x 1.05 ® .903 inches 


A = surface area ■= » IO.06 ft 2 

% * 

h - film coefficient = gp*PsT K Be a 23.2 Btu/hr-ft 2 -°F 

d h 

% = fin thickness 


b 

32 


fin effectiveness = 

Z 


0.00672 inches 
, where 




2 h 777 


KS 




B 
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YJ> , t mh&O} „ 0>M2 

UA = h S = 112 BTU/hr-°F 

Since this is somewhat higher than we require, we can recalculate 
using N = 3. 

For N = 3 

* 5-9 x 10" 2 feet = 0.707 inches 

\ = 0.052U inches 

b = B/AN = 0.236 inches 

for )) = 1.05 (0.010 onch spacer) 

®Total = 0, ^07 (l-°4) = 0.737 inches 
A » 7.54 ft 2 

h = 21.1 BIU/hr-ft 2 -°F 
5* = 0.00737 inches 
V * 0.605 

(JA = b S = 96*1 BTU/hr-°F (this is good enough) 

SUMMARY 

The final air core design for the four cores required is as follows : 
3 layers 

b « 0.240 inchas 
a = 0.030 inches 
% a 0.008 inches (32 gauge) 

26.3 fins/inch 

0.010 inch plates between cores 
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C. Water Side Design Calculations 

The water side plate-fin cores were designed using the some methods 
previously outlined for the air side, with the following restrictions: 

^Allowable = Btu/hr-°F = 300 Btu/hr-°F per core (4 cores in 

parallel) 

B ® 0.1835 feet, flow length 

^ = 0.4-375 feet, heat pipe contact length 

B - core depth 

^ p = pressure drop, inches of water (k psig allowable) 

i> = 1.25 for 20$ solid core 

K =125 Btu/hr-ft-°F (1100 aluminum) 

? STD = 62.1 lb/ft^ 

O' ■ » 1.0 

Cr, = 1.0 


Np R = 5.49 

K 7 mr v w - 1: )t«? 

"Ke " *'ST ” *'PR w *' , ‘ 

fN R = 20.5 

Substituting these values into the expressions for X, UA, and d^ 
presented in section B, we may obtain, 

A P X B = 1.412 x 10~ 3 

d h = 3.65 x 10“ 3 feet 

= 43.7 x 10"^ inches 

b = = 0 * 197 inch (' 0l64 (feat) 

By choosing B = b (i.e., a single layer core), 

/iT 5 _ 1.412 x 10” ^ „ „ 0/ .„ , . , 

aF = ToI55 K 0,0862 inches of water (well below the 

allowable 4 psia) 





c p*- n st n r 


= 636 Btu/hr-ft 2 -°F 


b /32 = O.OO 615 inches 
2.45 

tanh (Z) 

2 = 0.403 

h S = 296 Btu/hr-°F (good enough) 
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